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IMPACT 


EXPLOSIVELY  PROPELLED  ROTATING  PLATES  FOR  OBLIQUE  IMPACT  EXPERIMENTS 


F.  H.  Mathews 
Sandia  Laboratories 
Albuquerque,  New  Mexico  87115 


ABSTRACT 

A  new  technique  for  using  explosive-driven  flyer  plates  in 
impact  studies  is  described.  The  simulation  of  high-velocity 
impacts  at  predictable  shallow  angles  is  now  possible.  The 
detonation  of  a  solid  explosive  is  used  to  accelerate  massive, 
slowly  rotating  plates  to  high  velocities.  The  device  to  be  im¬ 
pacted  is  positioned  at  a  distance  along  the  flight  path  sufficient 
to  allow  rotation  of  the  flyer  plate  before  impact.  Thus,  any 
angle  between  the  plate's  surfaces  and  the  plate  velocity  vector 
can  be  obtained.  Either  plastic  or  metal  plates  can  be  used  to 
study  impact  response  against  hard  or  soft  materials.  The 
technique  is  employed  to  allow  evaluation  of  the  performance  of 
full-scale  fuzing  hardware  at  velocities  from  1500  to  3500  m/sec. 
Procedures  for  designing  flyer  plate  experiments  are  described. 
Data  establishing  experimental  repeatability  are  presented. 


Summary 


Introduction 


Plastic  explosive  has  been  incorporated 
into  an  assembly  that  propels  a  rotating  plate 
of  metal  or  plastic  into  a  target  for  impact- 
fuze  experiments.  Data  verifying  the  tech¬ 
nique  have  been  obtained  at  velocities  from 
1500  to  3500  m/sec.  Methods  of  designing  ex¬ 
periments  are  presented.  The  repeatability  of 
two  explosive  systems  has  been  measured  and 
the  data  are  presented,  A  typical  experiment 
is  described. 

It  is  concluded  that  accurately  controlled 
high-velocity  impact  experiments  can  be  con¬ 
ducted  with  the  new  technique,  including  shallow 
impact- angle  conditions  not  previously  possible. 
Future  work  will  be  directed  toward  applying 
explosive  systems  to  fuze  experiments  over  an 
extended  range  of  velocities. 


Explosive  warheads  can  be  initiated  by 
fuzing  systems  that  actuate  upon  target  impact. 
Fuzing  must  occur  quickly  and  reliably  enough 
that  the  warhead  has  time  to  function  before 
disabling  damage  occurs.  The  requirements 
for  the  fuze,  therefore,  are  conflicting:  it 
must  react  practically  instantaneously,  yet 
must  be  thoroughly  reliable  and  Insensitive  to 
prefire. 

Modern  ballistic-missile  warheads  con¬ 
tain  impact  fuzes  that  must  function  at  impact 
velocities  from  1000  to  4500  m/sec.  A  com¬ 
mon  tac..cal  demand  that  complicates  fuzing 
requirements  is  that  of  oblique  impact.  In 
the  past,  fuzing  experiments  have  been  con¬ 
ducted  with  track-guided,  rocket-propelled 
sleds  carrying  target  materials  into  stationary 
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fuse  assemblies.  Propulsion  costs  and  sled- 
shoe  failures  have  limited  this  technique  to 
velocities  below  1800  m/sec.  In  experiments 
at  higher  velocities  (2000  to  4000  m/sec),  ex¬ 
plosives  have  been  used  to  prope!  metal  and 
plastic  plates  into  test  materials.  A  major 
deficiency  of  this  technique  has  been  that  the 
only  impact  angles  that  could  be  simulated 
were  those  at  approximately  90  *  from  the  tra¬ 
jectory. 

In  this  paper  is  described  a  way  to  im¬ 
prove  flyer-plate  technology  in  this  regard. 

The  slow  and  predictable  rotation  of  the  flyer 
plate  during  flight  allows  Impacts  to  be  made  at 
any  angle,  while  the  velocity  vector  and  the 
plate's  surface  normal  remain  in  the  proper 
orientation.  Impact- fuze  testing  with  this  tech¬ 
nique  can  be  conducted  at  velocities  from  1500 
to  4000  m/sec. 


Explosive  Requirements 


The  principles  behind  the  rotating  flyer 
plate  experiments  are  illustrated  in  Fig.  1. 

It  is  essential  that  the  impulse  from  ex¬ 
plosive  gases  vary  uniformly  over  the  plate 
surface,  since  the  flyer  plate  must  remain 


intact  and  reasonably  planar  over  distances 
approaching  20  m.  This  is  accomplished  by 
surrounding  the  flyer  plate  with  a  guard  plate 
backed  up  by  an  explosive  layer.  A  weak  joint 
is  provided  by  gluing  the  flyer  plate  into  a 
tapered  recess  in  the  guard  plate.  Since  ex¬ 
plosive  pressures  are  relieved  most  rapidly 
toward  edges,  the  guard  plate  is  thus  free  to 
lag  during  acceleration.  A  sufficient  amount 
of  guard  plate  assures  that  edge  relief  does  not 
cause  the  flyer  itself  to  bend  or  break  up. 
Typical  proportions  for  an  explosive  assembly 
are  shown  in  Fig.  2,  where  h  is  the  explosive 
thickness  over  the  flyer  plate's  center.  A 
triangular  ramp  of  explosive  leads  to  the 
gradually  tapered  section  over  the  plate.  With 
the  geometry  of  Fig.  2,  a  large  part  of  the  ex¬ 
plosive  la  used  over  the  guard  plate  and  does 
not  Impart  velocity  to  the  flyer.  Typically, 
only  about  10  to  50%  of  explosive  weight  actu¬ 
ally  propels  the  flyer  plate.  Relatively  thick 
plates  moving  at  high  velocities  produce  the 
least  efficient  geometries  and  may  require  un¬ 
acceptably  large  quantities  of  explosive. 

When  the  explosive  is  initiated  by  line- 
wave  initiators,  a  detonation  wave  progresses 
through  the  explosive,  sweeping  over  the  flyer- 
plate/guard  plate  assembly.  Resulting  high- 
pressure  gases  accelerate  both  plates.  Ac¬ 
celeration  is  completed  in  a  few  10’s  of 
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FIG.  1  ARRANGEMENT  FOR  ROTATING  FLYER  PLATE  IMPACT  EXPERIMENT. 
PLATE  VELOCITY  v,  ROTATION  RATE  u 
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FIG.  2  PROPORTIONS  OF  A  TYPICAL  EXPLOSIVE  ASSEMBLY 


microseconds  and  requires  a  displacement  of  a 
few  centimeters.  The  explosive  is  tapered  so 
that  the  velocity  imparted  varies  uniformly 
along  the  length  of  the  plate,  causing  it  to 
rotate  slowly  during  flight.  The  fuze  assembly 
is  positioned  along  the  flight  trajectory,  at  a 
distance  thrt  will  permit  rotation  of  the  flyer 
plate  to  the  desired  angle  before  impact.  Ve¬ 
locity  gradients  associated  with  rotation  are 
only  a  few  percent  of  average  velocity  and  have 
negligible  effect  during  impact. 

Shock  waves  from  explosive  pressures 
reflect  at  free  surfaces  and  may  produce  suffi¬ 
cient  tensile  stresses  to  cause  fracture,  result¬ 
ing  in  plate  separation  along  spall  planes. [l,  2] 
Use  of  side  initiation  and  a  "grazing"  detonation 
reduces  pressures  and  the  tendency  to  spall 
when  compared  to  the  case  where  detonation 
strikes  the  plate  at  normal  incidence.  Spall¬ 
ation  is  more  likely  at  low  velocities  and  with 
light  materials.  In  these  experiments,  alum- 
num  was  not  spalled  at  velocities  from  1. 7  to 
3.7  mm/psec,  with  Comp  C-4  explosive  di¬ 
rectly  in  contact  with  the  metal.  However, 
nylon  that  was  intact  at  2.  3  mm  In  sec  developed 
spall  at  1.  5  mm  In  sec  and  to  prevent  this  it  was 
necessary  to  place  a  thick  sponge-rubber 
cushion  between  the  explosive  and  the  plate. 

The  final  velocity  of  explosively  acceler¬ 
ated  plates  may  be  calculated  from  the  Gurney 
model  [3,4]  which  depends  upon  the  experi¬ 
mentally  determined  specific  energy  <E,  kj  / g) 
available  from  the  explosive  to  produce  the 
kinetic  energy  of  gases  and  fragments.  The 
"open-faced  sandwich"  form  applies  directly  to 
the  center  region  of  the  plate  explosive  assem¬ 
bly  where  edge  relief  is  prevented  by  the  sur¬ 
rounding  guard  plate. 


where  V  is  the  plate's  final  velocity,  a  = 

M/C  the  ratio  of  plate  areal  density  to  ex¬ 
plosive  areal  density,  and  V2E  is  the  Gurney 
velocity  (a  constant  for  a  particular  explosive). 
This  equation  is  plotted  in  Fig.  3  for  Comp  C-4 
explosive  using  2.75  mm /usee  for  V2E  .  Ex¬ 
perimental  points  for  botl,  the  plastic  and 
aluminum  plates  included  in  this  figure  show 
good  agreement  over  the  full  velocity  range. 

The  Gurney  equation  may  be  applied  along 
the  tapered  length  of  the  explosive  assembly, 
making  allowance  for  downstream  motion  of  the 
explosive  gases  after  detonation.  Typically 
observed  rotation  rates  are  from  50  to  100%  of 
the  value  estimated  in  this  way,  while  veloci¬ 
ties  are  within  a  few  percent.  Relatively  thick 
explosive  assemblies  with  high  rotation  rates 
show  the  poorest  agreement.  Ordinarily, 
several  half-scale  experiments  are  conducted, 
with  explosive  taper  being  modified  until  the 
desired  rotation  rate  is  obtained.  The  scaled 
rotation  rate  is  then  reproduced  in  full-scale 
experiments. 

The  efficiency  with  which  explosive 
energy  is  transmitted  to  the  plate  is  given  by 

3a 

«  *  - 2 

1  +  5a  +  4a 

where  <  ,  the  mechanical  efficiency,  is  the 
ratio  of  plate  kinetic  energy  to  explosive 
Gurney  energy.  Mechanical  efficiency  is  high 
over  the  region  of  interest,  decreasing  from 
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FIG.  3  COMPARISON  OF  CALCULATED  AND  OBSERVED  PLATE 
VELOCITIES  OBTAINED  WITH  COMP  C-4  EXPLOSIVE 


33  to  25%  as  velocity  increases.  Overall  ef¬ 
ficiency  (the  product  of  geometrical  and  me¬ 
chanical  efficiencies)  ranges  from  4  to  15%. 
Fortunately,  energy  in  the  form  of  C-4  ex¬ 
plosive  is  relatively  inexpensive.  The  princt 
pal  problem  associated  with  low  overall  ef¬ 
ficiency  is  that  large  explosive  quantities  are 
necessary,  making  the  protection  of  experi¬ 
mental  apparatus  difficult. 


Trajectory  Considerations 


The  plate  trajectory  may  be  considered 
in  three  segments;  launch,  flight,  and  impact. 
The  launch  segment  occupies  a  few  tens  of 
microseconds  and  a  motion  of  a  few  centi¬ 
meters.  Explosive  forces  are  completely 
dominant  and  the  plate  is  rotated  through  an 
angle  and  launched  along  a  trajectory  approxi¬ 
mately  as  described  by  Kennedy.  [4]  Because 
of  the  taper  of  the  explosive,  it  is  necessary  to 
empirically  adjust  both  the  rotation  angle  and 
the  trajectory  by  a  few  degrees  on  the  basis  of 
experience  gained  during  half-scale  experi¬ 
ments. 


The  flyer  edge  is  deformed  as  the  deto¬ 
nation  sweeps  over  it  and  must  be  tapered 
sufficiently  that  interference  between  the  guard 
plate  and  flyer  does  not  affect  rotation.  A  10 ° 
taper  angle  in  aluminum  was  insufficient, 
causing  interference  and  a  variation  in  plate 
rotation  rate.  A  relief  angle  of  20°  reduced 
this  scatter. 

The  flight  portion  of  the  trajectory  is  the 
interval  beginning  after  the  first  few  centi¬ 
meters  of  motion  and  continuing  to  impact. 
After  approximately  the  first  meter  of  travel 
the  plate  is  surrounded  by  the  explosive  fire¬ 
ball.  Then,  depending  upon  the  quantity  of 
explosive,  the  presence  of  barriers  erected  to 
reduce  fireball  size,  and  distance  to  Impact, 
the  flyer  emerges  from  the  fireball  and  moves 
through  undisturbed  air  where  appreciable 
aerodynamic  forces  retard  its  motion.  These 
aerodynamic  forces  must  be  considered  be¬ 
cause  of  their  effect  on  accurate  timing  and 
trajectory  predictions.  Hoemer  [5]  gives 
aerodynamic  drag  coefficients  Cq  that  may  be 
applied  to  flat  plates  as  a  function  of  angle  at 
hypersonic  velocities.  His  drag  function 
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CQ  *  2. 1  sin2  9  0  *  9  *  60.8  deg 

*  1. 6  60. 8  s  9  s  90  deg 

may  be  used  with  the  assumption  of  constant 
rotation  rate  to  compute  drag  forces  and  re* 
suiting  velocity,  position,  angle,  and  time 
information.  Since  the  drag  force  acts  normal 
to  the  plate  surface,  a  complementary  lifting 
force  may  be  calculated  with  which  to  estimate 
vertical  displacements.  When  these  equations 
are  applied  over  the  first  quarter-turn  of  the 
plate,  a  velocity  reduction  of  ~  4%  is  indicated, 
with  a  vertical  displacement  of  a  few  centi¬ 
meters.  Typically,  actual  impact  times  may 
be  predicted  to  within  ±1%  of  total  flight  time 
and  trajectory  angles  within  ±0.2°  over  a  IO¬ 
meter  trajectory,  by  using  these  techniques 
in  conjunction  with  empirical  observations  on 
half- scale  experiments. 

Internal  stresses  caused  by  rotation  act 
during  the  flight  portion  of  the  trajectory. 

These  forces  are  negligible  in  metals  but  are 
appreciable  for  plastic  materials  in  which  yield 
strength  is  reduced  by  shock  heating.  Creep 
and  stretching  are  observed  with  plastics. 
Polyethylene  is  unsuitable  for  this  reason,  but 
nylon  is  an  acceptable  substitute.  Vibration 
and  bending  are  also  much  more  noticeable  in 
plastic  plates,  contributing  to  a  modest  un¬ 
certainty  about  plate  planarity. 

It  is  essential  that  the  first  significant 
input  to  the  fuze  component  be  produced  by  plate 
impact.  However,  other  mechanical  inputs  may 
precede  impact,  risking  fuze  prefire.  These 
can  include  an  air  shock  wave  radiating  out¬ 
ward  from  the  explosion,  explosive  gases  that 
may  move  ahead  of  the  plate  and  strike  the 
fuze,  or  the  air  shock  wave  associated  with 
plate  motion  in  undisturbed  air. 

Air  shock  waves  are  of  sufficiently  low 
amplitude  to  be  neglected  in  our  work.  How¬ 
ever,  if  it  were  found  necessary,  the  effects  of 
such  waves  could  be  reduced  by  placing  the 
fuze  in  a  chamber  that  was  frangible  at  one  end 
and  was  evacuated  or  filled  with  helium. 

Explosive  gases,  which  are  relatively 
dense  compared  to  air,  do  produce  sufficient 
pressures  to  cause  concern.  By  sealing  the 
flyer  and  guard  plate  so  that  little  or  no  ex¬ 
plosive  gas  can  escape,  however,  experiments 
can  be  conducted  as  close  as  one-half  meter 
from  the  plate's  initial  position.  Ultrahigh- 
speed  photographs  show  that  venting  of  ex¬ 
plosive  gases  is  retarded  by  using  a  continuous 
sealing  plate  (see  Fig.  1),  1/32  of  the  flyer 


thickness,  which  would  allow  a  half  meter  of 
plate  travel  before  explosion  gases  outrun  the 
plate.  A  sealing  plate  allows  sufficient  time 
before  impact  that  shock  waves  within  the  flyer 
will  have  receded  to  an  acceptably  quiescent 
state,  permitting  impact  angles  of  nearly  90*. 

Later  in  its  flight  the  plate  outruns  the 
explosion  gases,  emerging  from  the  gas  cloud 
after  a  displacement  of 

x  *  UMJJ 

where  x  is  in  meters  and  the  explosive  mass 
(Mhe>  is  in  kilograms.  If  a  barrier  equipped 
with  an  aperture  slightly  larger  than  the  flyer 
is  placed  close  to  the  flyer's  initial  position, 
the  distance  that  it  takes  the  flyer  to  emerge 
from  the  cloud  can  be  reduced  to  half  the  above 
value. 

If  experiments  must  be  conducted  at 
angles  still  denied  by  the  impingement  of  ex¬ 
plosion  gas,  the  target  may  be  set  up  farther 
along  the  flight,  so  that  the  plate  haB  time  to 
rotate  through  half  a  turn  and  strike  the  target 
with  the  back  of  the  plate.  Such  a  test  setup 
naturally  results  in  correspondingly  larger 
uncertainties  in  timing,  position,  and  velocity. 


Impact  Requirement 


Plate  thickness  and  material  are  dictated 
by  the  desire  to  duplicate  as  nearly  as  possible 
the  conditions  of  actual  earth  targets.  Because 
of  the  high  pressures  generated  during  impact, 
shock  Hugoniots  may  be  compared  to  establish 
a  basis  for  selecting  suitable  materials  for 
simulation.  Nylon,  for  example,  is  a  reason¬ 
able  material  with  which  to  simulate  water 
impact.  Aluminum  has  a  somewhat  higher 
impedance  than  granite.  Thus,  extreme  pa¬ 
rameters  of  likely  earth  targets  are  simulated 
by  materials  adaptable  to  explosive  acceler¬ 
ation. 

Plate  thicknesses  are  determined  in  a 
less  exact  way.  Since  geometrical  efficiency 
of  the  explosive  system  drops  rapidly  with 
flyer  thickness,  little  is  gained  by  increasing 
explosive  weights  beyond  an  upper  bound  for  a 
particular  flyer  area.  The  flyer  thickness 
that  may  be  considered  for  any  specific  ve¬ 
locity  is  therefore  limited.  Measured  fuze 
performance,  together  with  computer  calcu¬ 
lations  employing  a  two-dimensional  shock- 
wave  code,  are  used  in  judging  whether  a 
particular  plate  thickness  is  adequate.  The 
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25-mm-thick  aluminum  plates  propelled  by  45 
kg  of  explosive  that  we  are  using  appear  to  be 
marginal  or  inadequate.  Configurations  em¬ 
ploying  180  kg  of  explosive  to  propel  50-mm- 
thick  plates  are  under  development. 


Experiment 


Elements  of  en  aluminum  flyer  plate 
system  are  shown  in  Figs.  4  and  5.  The  flyer, 
in  this  case  0, 3  m  by  0. 25  m  wide  by  25-mm- 
thick,  is  epoaded  into  the  guard  plate  and 
mounted  in  a  wooden  platform.  A  continuous 
thin  aluminum  sealing  plate  (not  shown)  is 
placsd  over  the  aluminum  assembly.  Wooden 
side  and  end  rails  provide  a  mold  into  which 
48  kg  of  plastic  Camp  C-4  exnlosive  is  pressed 
to  the  desired  contour.  Line-wave  initiators 
are  then  adoed. 

The  arrangement  for  an  Impact-fuze 
experiment  at  a  velocity  of  2400  m/sec  is 
shown  in  Figs.  6  and  7.  The  explosive  as¬ 
sembly  is  Inclined  at  a  slight  angle,  as  shown 
in  Fig.  6,  to  establish  a  nearly  horizontal 
flight  path.  The  sandbag  walls  reduce  blast 
effects  on  cameras  and  x-ray  equipment.  The 
Oyer  proceeds  through  an  aperture  that  re¬ 
stricts  the  passage  of  explosion  gases,  allow¬ 
ing  optical  observation  of  plate  motion  after 
4  meters  of  travel. 


Protective  cassettes  for  x-ray  film, 
placed  beside  the  flight  path,  allow  three 
shadowgraphs  to  be  take*  Just  before  and  after 
Impact,  providing  accurate  position  and  angle 
data  for  determination  of  velocity,  rotation 
rate,  and  impact  time.  A  representative 
shadowgraph  from  the  middle  x-ray  cassette 
is  shown  in  Fig.  8.  Argon  candles  provide 
illumination  for  high-speed  camera  coverage 
(1  million  frames/sec)  of  the  impact.  Infor¬ 
mation  describing  the  fuse  output  signal  is 
obtained  electrically.  Stress  wave  arrival 
timea  are  determined  by  placing  piezoelectric 
crystals  on  die  assembly  and  observing  the 
output  signals.  In  this  experiment,  a  rela¬ 
tively  large  distance  between  the  explosive 
and  the  target  allowed  the  plat*  to  rotate 
through  151*  before  impact,  thus  providing 
sufficient  distance  so  that  explosion  gases  did 
not  interfere  with  either  die  impact  or  the 
earners  view. 

Experimental  repeatability  has  been 
good,  as  Indicated  by  the  data  in  Table  I.  In 
general,  impact  times  may  be  predicted  from 
previous  experiments  within  about  20  psec, 
even  at  relatively  long  range.  The  scatter  in 
rotation  rates  observed  in  the  aluminum  ex¬ 
periments  has  ranged  some  difficulty  in  the 
accurate  prediction  of  impact  angles.  This 
scatter  was  caused  when  explosive  detonation 
deformed  m  edge  of  the  flyer  plate  against  the 
guard  plate,  disturbing  rotation  predictability. 


FIG.  4  ASSEMBLY  BEFORE  LOADING  WITH  EXPLOSIVE 
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Ac  knowledgments 


This  problem  was  overcome  by  increasing  the 
angle  of  edge  taper  on  the  flyer  plate.  Careful 
alignment  and  a  repeatable  trajectory  angle  are 
critical  for  long-range  experiments.  Optical 
alignment  coupled  with  excellent  trajectory- 
angle  repeatability  in  our  test  setups  allow 
shallow-angle  experiments  at  10  meters  and 
head-on  impacts  at  20  meters,  with  uncer¬ 
tainties  of  ±0.2°  giving  acceptably  small 
scatter  in  impact  locations  on  the  plate. 

Lateral  trajectory  scatter  and  yaw  angles  have 
proven  negligible. 


The  thoughtful  assistance  of  B.  W.  Dug  gin 
and  personnel  of  the  Sandia  Laboratories  ex¬ 
plosive  firing  site  and  the  preparation  of  the 
manuscript  by  Mrs.  B.  D.  Conley  is  gratefully 
acknowledged. 


FIG.  5  ASSEMBLY  AFTER  EXPLOSIVE  LOADING 
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FIG.  8  X-  HAY  SHADOW  CHAIM  I  OF  AN  AM  MINI  M  PLATK  0.3  M  LONG. 

0.25  M  WIDK,  AND  0.025  M  THICK  OHTAJNKD  A  FT  K II  A  FIJI  HIT 
OF  7  MKTF.HS.  IM.ATi:  VIH.OCITY  IS  2330  M/SIX';  IMITATION 
HATH  IS  1100  HAD/SIX' 


- TABnn - 

Observed  Performance^)  of  Two  Systems 


Plate 

Scale 

Initial  Velocity 
m/sec 

Rotation  Rate 
rad/sec 

Trajectory 

Angle 

25  mm  Aluminum 

Half 

2400 

790  (1580)<2> 

9.2 

Full 

2350 

1010 

9.3 

Full 

2350 

770 

(1) 

Full 

2400 

1000 

9.4 

Full 

2400 

800 

9.4 

50  mm  Nylon 

Half 

2380 

800  (1600)<2) 

10.3 

Half 

2330 

890  <1780)<2) 

10.4 

Full 

2370 

820 

10.5 

Full 

2370 

(3) 

(3) 

Full 

2380 

820 

10.3 

Full 

2380 

(3) 

10.4 

Tolerances  are  approximately:  velocity  ±30  m/sec,  rotation  ±25  rad/sec,  trajectory  angle  ±0.1*. 

(2) 

Higher  value  is  observed  rotation  rate,  table  value  has  been  adjusted  by  scale  factor, 

(3) 

Not  determined  due  to  short  flight  distance. 
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IMPACT  TESTING  USING  A 
VARIABLE  ANGLE  ROCKET  LAUNCHER 


H.  W.  Nunez 
Sandia  Laboratories 
Albuquerque ,  New  Mexico 


This  paper  describes  a  test  facility  wkick 
uses  a  rocket  powered  sled  to  launck  a  test 
Item  at  an  impact  target.  The  rail  along 
which  the  sled  is  launched  is  capable  of 
being  elevated  so  that  the  relative  angle 
between  the  line  of  flight  and  the  iapact 
target  face  can  be  varied  between  90°  and 
near  0°.  A  2000  pound  test  unit  can  be 
accelerated  to  an  impact  velocity  of 
approximately  200  feet  per  second. 


INTRODUCTION 

Sandia  Laboratories  has  numerous 
facilities  for  subjecting  test  items, 
both  large  and  small,  to  various  types 
of  shock,  vibration  or  Impact  envir¬ 
onments.  These  Include  such  facili¬ 
ties  as  a  5000-foot  rocket  sled  track, 
a  35-foot  radius  centrifuge,  a  185- 
foot  drop  tower,  various  caliber  guns, 
shock  tubes,  vibration  tables  and 
many  others. 

One  such  facility  which  has  been  used 
very  successfully  in  the  past  is  the 
Rocket  Launcher  Facility.  This  Is 
probably  a  misnomer  because  rockets 
are  not  actually  launched,  but  Instead 
are  used  to  propel  a  sled  and  test 
item  along  a  guide  rail  until  a  pre¬ 
determined  velocity  is  reached  at 
which  time  the  test  item  is  separated 
from  the  sled  and  allowed  to  fly  free 
to  impact  with  a  target.  This  facil¬ 
ity  offers  several  advantages  as 
follow: 

1.  Point  of  impact  and  angle  of 
Impact  may  be  closely  controlled. 

2.  Testing  Is  relatively  inexpensive 
because  turnaround  time  is  short, 
instrumentation  is  uncomplicated, 
temperature  conditioning  of  a 
test  unit  is  easily  accomplished, 
and  the  rocket  motors  used  cost 
only  $10  each.  Test  fixture 
design  is  also  quite  simple. 


3.  The  facility  provides  a  convenient 
means  of  testing  relatively  large 
items  at  fairly  low  Impact  velo¬ 
cities.  Units  weighing  up  to  2000 
pounds  can  be  tested  at  Impact 
velocities  of  approximately  200 
feet  per  second  and  velocities  of 
450  feet  per  second  can  be  attained 
with  lighter  wits. 

LAUNCHER  STRUCTURE  ANO  TARGET 
CONFIGURATIONS 

The  main  feature  of  the  Rocket 
Launcher  Facility  is  the  guide  or 
launcher  rail.  This  rail  consists  of 
a  73  foot  long,  16  inch  deep  wide- 
flange  shape  weighing  96  pounds  per 
foot.  One  end  of  this  beam  is  welded 
at  right  angles  to  an  8  foot  long 
similar  wide-flange  shape.  The  ends 
of  this  short  cross  beam  are  attached 
to  two  upright  frame  supports  by  3  inch 
diameter  steel  hinges.  The  free  end 
of  the  long  guide  rail  can  be  elevated 
by  means  of  a  cable  passing  over  pul¬ 
leys  between  upright  columns  on  either 
side  of  the  rail.  Figure  1  is  an  over¬ 
all  view  of  the  facility  with  the  guide 
rail  in  a  raised  position. 

Figure  2  is  a  closeup  of  the 
hinged  end  of  the  guide  rail  and  the 
frame  supports.  In  Figure  2,  note  the 
bolt  holes  on  the  front  side  of  the 
supports.  Depending  on  the  impact 
angle,  these  holes  allow  the  hinges  to 
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be  positioned  at  a  location  which 
will  provide  maximum  unobstructed 
views  of  the  Impact  area. 

Figure  2  also  shows  the  impact 
area  for  most  test  conditions. 

The  area  between  the  frame  supports 
is  in  the  form  of  a  shallow  pit 
6  feet  wide  by  14  feet  long  by  15 
inches  deep.  Normally,  this  pit  is 
filled  with  tamped  dirt  to  a  depth  of 
3  to  4  Inches  and  a  reinforced  con¬ 
crete  slab  12  Inches  thick  is  placed 


on  top  to  provide  an  impact  surface. 
First  Impact  and  secondary  impact  or 
slapdown  will  occur  on  this  surface. 

The  guide  rail.can  be  elevated 
to  approximately  60°  from  the  hori¬ 
zontal.  By  placing  the  guide  rail  In 
a  horizontal  position,  test  items  can 
be  launched  against  vertical  or  near 
vertical  targets.  Typical  targets 
for  this  type  testing  are  massive 
concrete  blocks  or  soft  dirt  banks 
for  soft  recovery. 


Figure  1  -  Rocket  Launcher  Facility 
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Figure  2  -  Lower  Support  Frames  and  Impact  Area  of  Rocket  Launcher  Facility 


SLED  STRUCTURE 

The  sled  which  carries  the  test 
Item  Is  a  welded  steel  structure  de¬ 
signed  to  ride  on  the  Inside  surface 
of  the  lower  flange  of  the  guide 
rail.  A  typical  sled  Is  shown  In 
Figure  3.  The  test  item  Is  suspended 
below  the  sled  on  a  set  of  special 
hangers  or  a  specially  designed  sub¬ 
carriage.  This  carriage  Is  designed 
to  support  the  test  Item  and  to  push 
It  forward  during  the  thrusting  phase 
of  rocket  burn.  Figure  A  shows  a 
unit  suspended  from  the  sled  prior  to 
Installing  rocket  motors.  For  angle 
Impact  tests,  a  test  unit  Is  tied 
back  to  the  beam  with  a  "weak-llnk" 
which  breaks  when  the  rockets  start 
to  thrust. 


At  the  end  of  a  run,  the  sled  Is 
stopped  by  Impacting  against  aluminum 
honeycomb.  When  this  sled  decelera¬ 
tion  occurs,  the  test  Item  slips  for¬ 
ward  off  the  hangers  and  continues  in 
free  flight  to  Impact. 

The  sled  has  provisions  for  mount¬ 
ing  rocket  motors  on  each  side  of  the 
center  web  and  In  the  area  between  the 
upper  and  lower  flanges  of  the  guide 
rail. 

ROCTET  MOTOR  CHARACTERISTICS 

The  rocket  motor  used  on  almost 
all  tests  Is  a  U.S.  Ravy  High  Velocity 
Aircraft  Rocket  (HVAR).  This  solid 
propellant  motor  Is  J  Inches  in  dia¬ 
meter  and  51  inches  long.  It  weighs 


t 


Test  Unit 

Suspension  Brackets 


Figure  3  -  A  Typical  Sled 


Figure  4  -  Unit  Suspended  From  Sled 
Prior  to  Rocket  Motor  Installation 


82  pounds  and  has  a  maximum  Inpul  sc 
of  S1S0  lb-sec.  The  burn  tine  of  the 
notor  is  nonlnally  1.1  seconds  and 
the  average  thrust  over  this  period 
Is  4740  1b. 


Fron  Step  2. 


TRAJECTORY  CALCULATIONS 


Fron  Step  3. 


The  basic  procedure  for  calcu¬ 
lating  position  vs  tine  or  trajec¬ 
tory  of  the  rocket  launcher  sled  Is 
as  follows: 


Step  1.  Date mine  the  nunber  of 
notors  required  to  propel 
the  given  weight  to  the 
desired  velocity  fron: 


(W)  (V) 

"  ‘  07. T)  (T.)  (tj 

where:  A  ■  nunber  of  notors 

M  *  Initial  launch  weight, 
pounds 

V  *  desired  velocity,  feet 
per  second 

Ta  ■  average  notor  thrust, 
pounds 

t  •  notor  burn  tine,  seconds 


Step  2.  After  deternlnlng  the  nunber 
of  notors  required  -  usually 
2,  4  or  6  -  solve  Step  1  for 
the  tine  required  to  attain 
the  desired  velocity. 


Step  3.  Verify  that  the  travel 

distance  required  Is  within 
the  limits  of  the  Rocket 
Launcher  guide  rail  from: 

Distance,  feet  »  (Time) 


Example:  Assume  a  total  weight 

(carriage,  test  Item  and 
rocket  motors)  of  2*00  lb. 
Is  to  be  accelerated  to  a 
velocity  of  300  ft/see. 

Fron  Step  1 .  ( 


n 


(2400)  (300)  4 

("32.2}  (4740)  (TTTT  4,28 

Use  6  notors 


Distance  ■  1/2  (300)  (.79)  ■  119  ft. 


lut  the  guide  rail  Is  not  this 
long,  so  this  velocity  Is  unattain¬ 
able  with  these  notors. 

Exafple:  Attune  a  total  weight  of 
400  lb.  Is  to  be  accelera¬ 
ted  to  a  velocity  of  200 
ft/sec. 

Fron  Step  1 . 


"  *  ’  °-5 
Use  2  notors 


Fron  Step  2. 


Fron  Step  3. 

0  -  1/2  (200)  (.26)  -  26  feet 


In  actual  practice,  a  computer 
program  Is  used  to  provide  a  print¬ 
out  of  distance,  velocity  and  accel¬ 
eration  for  each  0.050  second  period 
based  upon  the  weight  of  the  test 
Item  and  the  number  of  motors  used. 
This  program  Is  quite  refined  and 
considers  the  decreasing  mass  of  the 
rocket  motors  as  the  propellant  Is 
burned  as  well  as  the  thrust  vs  time 
chara.  teri stl cs  of  the  rocket  motor. 

Typically,  using  six  HVAR  motors, 
a  2000  lb.  test  unit  can  be  propelled 
to  a  free  flight  velocity  of  200  feet 
per  second  or  a  50  pound  test  unit 
can  be  propelled  to  approximately 
450  feet  per  second. 

INSTRUMENTATION 

Almost  all  types  of  conventional 
transducers  have  been  used  at  this 
facility.  These  Included  acceler¬ 
ometers,  strain  gages,  thermocouples, 
crush  switches,  etc.  Oue  to  the 
relatively  short  travel  distance 
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(80*100  feet)  of  the  test  unit.  It  Is 
possible  to  hardwire  between  the 
transducers  and  an  Instrumentation 
patch  panel  located  at  the  base  of 
the  tower. 

High  speed  motion  picture  cameras  are 
also  used  on  all  tests  to  record 
Impact  motions. 

By  building  lightweight,  expendable 
enclosures  around  a  test  Item  sus* 
pended  from  the  sled.  It  1$  possible 
to  temperature  condition  a  unit  orlor 
to  testing.  Temperatures  of  -65° 
and  ♦  165  F  have  been  attained. 


Discussion 

Voice:  I  Ju»t  have  one  question.  I  noticed 
yon  had  It  hard  wired  for  your  data  retrieval 
and  I  waa  wondering  about  what  percentage  of 
survival  you  had  of  the  leads?  Tour  going 
up  about  what,  400  faat/aac? 

Nr.  Nunes : (Sandla)  So  far  we  have  been  running 
in  the  range  of  200  ft/aec  for  hard  wired 
data  and  the  retrieval  has  been  surprisingly 
good.  We've  tried  to  develop  techniques  to 
keep  the  cable  out  from  underneath  the  a lap- 
down  and  so  far  we've  been  reasonably  success¬ 
ful.  One  of  the  problems  we  are  facing  la 
the  everpresent  problem  of  nolee  in  moving 
cables. 

Voice:  Tee  we've  had  similar  problems,  I  Just 
wanted  to  know  how  the  other  aide  waa  doing. 
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EVALUATION  OP  THE  SHOCK  PULSE  DIAGNOSTIC 
TECHNIQUE  TO  THE  UH-1  SERIES  HELICOPTER 


J.  A.  George*,  T.  C.  Mayer*,  E.  P.  Covillt 
Parks  Col lags  of  Saint  Louis  Univarsity 
Cahokia,  Illinois 


Tha  usa  of  shock  pulsa  tachniquas  as  a  diagnostic  tool  for 
tha  UH-1  sarias  helicopter  was  investigated.  A  standard 
off-the-shelf  SKP  Industries  nodal  MEPA-10A  was  employed  to 
construct  shock  asiission  envelopes  of  shock  rate  versus 
shock  level.  Operational  helicopters  of  a  Reserve  Amy 
Aviation  unit  were  available  and  data  was  collected  on  the 
hanger  bearings  of  the  tail  rotor  assembly  as  well  as  the 
42*  gearbox.  Selected  hanger  bearings  and  gearboxes  were 
removed  for  teardown  analysis.  Further  data  was  obtained 
from  helicopters  at  Port  Rucker,  Alabama,  with  known  im¬ 
plants  in  tha  42*  gearbox.  The  correlation  between  shock 
esiission  envelopes  and  degree  of  degradation  is  described. 
The  shock  pulsa  meter  does  show  promise  for  its  ability  to 
separate  those  hanger  bearings  and  42*  gearboxes  with  normal 
wear,  or  the  onset  of  damage ,  from  those  with  severe  damage. 


INTRODUCTION 


The  U.S.  Army  Aviation  Systems 
Cotmsand  (AVSCOM)  has  an  ongoing  program 
to  develop  a  system  which  will  auto¬ 
matically  accomplish  inspection,  diag¬ 
nostic,  and  prognostic  maintenance 
functions  on  related  subsystems  of  the 
UH-1  helicopter.  This  program,  called 
AIDAPS,  is  intended  to  provide  equip¬ 
ment  which  will  contribute  to  an  in¬ 
crease  in  the  tactical  mobility  of 
Army  aviation  operations  and  provide 
an  effective  reduction  in  aircraft 
maintenance  costs  and  maintenance  re¬ 
lated  accidents. 

Past  efforts  (1-3) ,  have  included 
the  collection  of  vibration  data  with 
a  subsequent  analysis  of  the  resulting 
Power  Spectral  Densities  to  determine 
the  condition  of  the  helicopter  power- 
train.  Another  approach,  particularly 
in  determining  bearing  condition,  is  to 
use  shock  pulse  techniques.  The  tech¬ 
nique  and  instrumentation  \*ere  devel- 
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oped  by  AB  SKP,  Sweden  and  are  availa¬ 
ble  in  the  United  States  through  SKP 
Industries,  Inc. (4)  When  a  bearing 
race  or  rolling  elaawmt  contains  a  dis¬ 
crete  fault,  such  as  a  pit  or  spall, 
the  rolling  contact  between  this  fault 
and  the  other  rolling  elements  will  re¬ 
sult  in  repetitive  impacts  of  short 
duration.  As  a  result  of  these  impacts, 
a  shoe?,  wave  travels  through  the  bear¬ 
ing  housing  causing  a  pulse  displace¬ 
ment  input  to  a  suitably  mounted  accel¬ 
erometer.  The  output  of  the  acceler¬ 
ometer  is  passed  through  a  high  gain 
amplifier  tuned  at  the  resonant 
frequency  of  the  accelerometer,  in 
this  c.  se,  38  kHz.  The  amplifier  acts 
as  a  sharp  band-pass  filter.  After  the 
signal  is  processed,  a  meter  on  the 
face  of  the  instrument  gives  output 
information.  The  meter  registers  the 
frequency  of  peaks  abova  a  preset 
shock  pulse  amplitude  threshold. 

PRELIMINARY  EVALUATION 

A  preliminary  evaluation  (5) ,  of 
the  feasibility  of  using  pulse  tech¬ 
niques  to  the  UH-1  series  helicopter 
(Figure  1)  was  conducted  by  Parks  Col¬ 
lege  under  contract  to  AVSCOM.  A  stan¬ 
dard  off-the-shelf  SKP  Industries 
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Fig.  2  -  Model  MEPA-10A  Shock  Pulse  Meter 


Model  MEPA-10A  Shock  Pulse  Meter 
(Figure  2)  was  employed  to  construct 
shock  emission  envelopes  of  shock  rate 
versus  shock  level.  The  study  concen¬ 
trated  primarily  on  the  hanger  bear¬ 
ings  of  the  tail  rotor  assembly  on  the 
UH-1  helicopter.  Shock  emission  data 
was  collected  from  laboratory  tests 
and  ground  runs  on  "good"  and  "bad" 
bearings . 

In  constructing  the  shock  emis¬ 
sion  envelope  (Figure  3) ,  the  first 
point  plotted  on  the  ordinate  axis  is 
the  rate,  in  pulses  per  second,  at  an 
amplitude  level  of  cne.  A  threshold 
varying  dial  on  the  MEPA-10A  meter 


housing  ranges  from  a  level  of  one  to 
ter.  thousand  in  a  logarithmic  scale. 

As  the  threshold  is  increased,  suc¬ 
cessive  rates  are  plotted  until  the 
curve  crosses  the  abscissa.  The  value 
at  the  intercept  becomes  the  highest 
potentiometer  level  at  which  at  least 
one  shock  pulse  per  second  can  be 
measured.  In  plotting  the  data  points 
a  period  of  integration  time  is  al¬ 
lowed  to  ensure  accuracy.  This  inte¬ 
gration  time  is  noted  in  the  left-hand 
margin  of  the  shock  emission  curves. 
The  rate  is  given  in  pulses  per  second 
and  the  level  obtained  is  in  relation 
to  the  potentiometer  level  which  is  a 
function  of  the  accelerometer  used . 
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Fig.  3  -  Shock  mission  envelope  showing  speed  dependence 


The  preliminary  investigation 
showed  the  technique  to  be  promising. 
The  laboratory  findings  provided  the 
necessary  experience  and  methodology 
to  be  utilized  on  the  actual  UH-1  air* 
craft.  The  stajor  results  were: 

1.  Accelerometer  placement  and 
attachment  are  critical.  SKF 
provides  a  vice-grip  on  which 
an  accelerometer  is  attached. 
Significant  differences  were 
found  in  readings  dependent  on 
placement  and  security  of  the 
vice-grip  attachment.  A 
pressure  clamp  has  been  fabri¬ 
cated  which  can  be  fitted  to 
the  lands  of  the  bolts  which 


hold  the  bearing  fixture  in 
place.  The  accelerometer,  in 
turn,  is  attached  to  the  pres¬ 
sure  clamp.  Shock  rates  and 
levels  are  now  easily  repro¬ 
ducible  for  a  given  bearing 
assembly. 

2 .  The  shock  rates  and  levels 
are  speed  dependent.  Figure  3 
shows  the  shock  emission  curve 
at  two  different  rpm. 

3.  The  general  shape  of  the  shock 
emission  curve  varies  with  the 
type  and  extent  of  damage. 
Figure  4  has  representative 
curves  for  a  new  bearing,  a 
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Pig.  4  -  Comparison  of  now  and  damaged  hanger  bearings 


bearing  with  dirty  lubricant, 
a  dry  bearing,  and  one  with 
rolling  element  damage.  In 
each  case,  the  damaged  bear¬ 
ing  shock  emission  curve  ex¬ 
hibits  increases  in  rate  and 
level  over  that  of  the  new 
bearing. 

Although  a  damaged  bearing 
could  be  discerned,  it  was  not 
possible  to  localize  damage 
as  to  the  inner  or  outer  race, 
rolling  element,  etc. 

Laboratory  readings  of  rate 
versus  level  differed  from 
those  of  the  same  bearing 
assembly  installed  on  a  UH-1H 
helicopter  (Figure  5) .  Thus , 
generalised  damage  assessment 


curves  must  be  generated  with 
the  bearing  in  the  actual 
operating  environment. 

UH-1  SERIES  HELICOPTER  DATA  COLLECTION 

Upon  completion  of  the  prelimi¬ 
nary  evaluation,  the  College  undertook 
to  collect  additional  shock  pulse  data. 
Initial  efforts  concentrated  on  build¬ 
ing  up  a  data  bank  of  shock  emission 
curves  of  hanger  bearings  of  the  tail 
rotor  assembly  and  the  42°  gearbox  as 
installed  on  operational  helicopters 
(Figure  6) . 

UH-1  type  helicopters  were  made 
available  by  a  Reserve  Army  Aviation 
unit  stationed  near  the  College.  Data 
was  collected  on  three  models:  UH-lD, 
UH-1H  and  UH-1M.  The  federal  stock 
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number  for  all  hanger  bearings  and  for 
those  on  the  42*  gearboxes  is  the  same 
for  these  series  of  helicopters. 
Differences  are  only  in  the  number  of 
hanger  bearings  with  the  UH-lD  and  -1H 
having  four  hanger  bearings,  while  the 
UH-1M  has  three.  The  aircraft  were 
made  available  on  a  noninterference 
basis.  Mo  modifications  could  be  made 
which  would  result  in  the  aircraft 
being  in  a  nonflyable  status  nor  any 
interference  with  the  normal  main¬ 
tenance  routine  or  flight  operations. 
The  pressure  clamp  attachment  described 
previously  greatly  facilitated  the 
rapid  setup  and  recording  of  data. 


teardown  analysis.  These  were  selected 
on  the  basis  of  shock  rates,  potenti¬ 
ometer  levels,  or  unusual  shock  pulse 
curve  characteristics.  The  time  since 
overhaul  for  these  hanger  bearings 
ranged  from  zero  to  over  five  hundred 
hours. 

The  shock  rates  were  found  to  vary 
from  55-340  pulses  per  second. 
Approximately  half  of  the  hanger  bear¬ 
ing  rates  were  between  100-200  pulses 
per  second.  Statistically,  the  sample 
mean  rate  was  184  with  a  standard 
deviation  of  86.  The  potentiometer 
levels  of  the  hanger  bearings  tested 
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Fig.  7  -  Tailrotor 
driveshaft 
hanger 
bearing 
assembly, 
UH-lH 

helicopter 
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All  tests  were  ground  runs  at  a 
N2  •  6600  rpm.  This  gives  a  tail  rotor 
drive  shaft  speed  of  4300  rpm.  Se¬ 
lected  hanger  bearings  and  gearboxes 
were  removed  for  teardown  analysis. 
Pulse  signatures  were  then  correlated 
with  the  teardown  analysis. 

A  second  phase  concerned  data 
collected  from  the  helicopters  in  use 
in  the  AIDAPS  program  being  conducted 
at  Fort  Rucker,  Alabama.  This  phase 
included  42*  gearboxes  with  known 
implants. 

BANGER  BEARING  ANALYSIS 

Twenty-nine  hanger  bearing  assem¬ 
blies  were  tested,  including  originally 
installed  and  replacement  bearings 
(Figure  7) .  Eight  were  removed  for 


varied  considerably >  the  range  of 
levels  were  from  45  to  6000  units. 
However,  approximately  two-thirds  were 
between  45  and  200  units.  The  sample 
mean  and  standard  deviation  were  found 
to  be  558  and  1192  respectively. 

Eight  hanger  bearings,  with 
potentiometer  levels  from  moderate  to 
high,  were  selected  for  teardown 
analysis.  This  work  was  performed  by 
the  Bell  Helicopter  Company.  Teardown 
analysis  revealed  that  defects,  if 
they  existed,  consisted  primarily  of 
pitting  and  corrosion  varying  from 
slight  to  severe.  The  data  has  been 
summarized  in  a  single  shock  emission 
envelope  which  can  be  used  to  separate 
hanger  bearings  of  normal  wear  (or  the 
onset  of  damage)  from  those  of  severe 
damage  (Figure  8) . 
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Pig.  8  -  Shock  emission  envelope  to 

determine  hanger  bearing  condition 


Figure  9  shows  the  shock  pulse 
curves  for  two  hanger  bearinge  removed 
from  UH-1H  aircraft  which  would  nor¬ 
mally  warrant  their  rejection  at  over¬ 
haul  .  Pigures  10  and  11  are  pictures 
of  corrosion  and  pitting  damage  found 
on  the  ball  bearing  and  outer  race 
of  hanger  bearing  wich  the  lesser 
potentiometer  level  reading.  Pigures 
12-14  show  the  evidence  of  pitting  and 
corrosion  on  the  ball  bearings  as  well 
as  both  inner  and  outer  races  for  the 
second  of  the  t wo  hangar  bearings 
given  in  Figure  9.  It  was  also  noted 
that  the  bearing  rotated  roughly  be¬ 
fore  teardown. 

Whenever  a  hanger  bearing  was  re¬ 


moved  for  teardown  analysis,  readings 
were  taken  on  the  new,  or  rebuilt, 
replacement  bearing.  In  each  case,  a 
marked  reduction  in  potentiometer  read¬ 
ings  was  noted.  Figure  15  compares  a 
damaged  hanger  bearing  (that  shown 
in  Figures  9-11)  with  its  zero  time 
replacement.  The  potentiometer  levels 
of  the  zero  time  hanger  bearings  were 
found  to  vary  typically  from  50  -  100 
units. 

Additional  data  was  collected  on 
hanger  bearings  installed  on  helicop¬ 
ters  involved  in  the  AIDAPS  program  at 
Fort  Rucker.  These  hanger  bearings 
were  inspected  and  found  acceptable 
prior  to  their  use  in  that  program. 
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Fig.  9  -  Two  examples  of  hanger  bearings 
which  warrant  replacement 


Fig.  11  -  A20~t>44f>r>  -  Corrosion 
.inti  pit  Una  on  out  or 
raco 


Fig.  12  -  A20-31225  -  Corrosion 

and  pitting  on  outer  race 


12  5  10  X  50  100  200  500  WOO  2000  3003  10000 

Pottntiometsf  lavd 


Pig.  IS  -  Comparison  of  degraded  hanger  bearing  and 
its  zero  time  replacement 
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Figure  16  shows  the  effect  of  engine 
rpm  variation  and  anti-torque  pedal 
(tail  rotor)  inputs  on  the  number  4 
hanger  bearing .  The  difference  be¬ 
tween  flight  idle  data  and  that  at 
6400  and  6600  is  apparent.  At  a 


given  N,*  pedal  deflection  gives  a 
slight  increase  in  the  potentiometer 
level,  generally  shifting  the  shock 
pulse  curve  to  the  right.  Similar 
results  were  obtained  on  the  number  3 
hanger  bearing. 


Fig.  16  -  Tie-down  tests,  Fort  Rucker,  Alabama 
Bearcat  14  (S/N  65-9846) 
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42*  GEARBOX  ANALYSIS 

Shock  pulse  data  was  collected  on 
42'  gearboxes  Installed  on  nine  Reserve 
unit  helicopters.  The  42*  gearbox  con¬ 
sists  of  two  bearing  packages,  one  used 
for  the  input  drive  quill  and  the  other 
used  on  the  output  drive  quill  assembly 
(Figure  17) .  The  attachment  of  the 
pressure  clasips  to  the  input  and  output 
side  of  the  gearbox  is  shown  in  Figure 
It. 

The  gearboxes  proved  to  be  quite 
consistent  in  their  shock  emission 
profiles  and,  therefore,  difficult  to 
determine  a  removal  criteria.  The 
shock  rates  for  both  input  and  output 
quills  ranged  from  75  to  600  pulses 
per  second  with  the  sample  mean  rate 
and  standard  deviation  being  221  and 
151  respectively.  The  potentiometer 
levels  varied  from  45  to  300  units  with 
a  mean  of  133  and  a  standard  deviation 
of  70.  Nevertheless,  four  of  the 
gearboxes  were  reanved  for  teardown 
analysis,  primarly  due  to  peculiarities 


in  curve  shape  rather  than  excessively 
large  shock  rates  or  levels. 

The  teardown  analysis  did  not 
reveal  any  extreme  conditions  of  wear 
or  damage.  The  various  bearing  ele¬ 
ments  did  exhibit  evidence  of  small 
pits  and  scratches,  false  brinelling, 
and  small  spalls.  Some  of  the  gears 
had  unacceptable  wear  patterns.  Bell 
did  not  classify  the  defects  as  to 
severity  or  flight  worthiness. 

As  was  mentioned  earlier,  the 
gearboxes  were  removed  primarily  be¬ 
cause  of  an  unusual  shock  pulse  curve 
rather  than  abnormally  high  readings. 
Figure  19  shows  such  a  curve.  At  a 
fixed  potentiometer  level,  the  rate 
would  not  stabilise  at  a  single  value 
but  would  vary  between  tho  limits 
shown.  This  awing  could  be  due  to  the 
multiple  bearing  and  gear  assemblies 
present  in  the  quills  as  well  as 
accelerosMter  placement.  Teardown 
analysis  did  indicate  corrosion  and 
pitting  throughout  the  output  inner 


Fig.  17  -  UH-1H  42*  gearbox  assembly 
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Integration  tint*  Nconds; 


Pig.  23  -  Comparison  of  baseline  and  degraded  gearbox 
(implanted  with  spalled  duplex  bearing) 
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an  outer  ball  (Figure  20-22) ,  radial 
scratches  In  the  output  roller  bearing, 
and  output  gear  pattern  too  high  and 
too  far  towards  the  toe,  as  well  as 
pits  on  the  Input  ball  and  roller 
bearings . 


Pig.  20  -  output,  inner  bearing, 
corrosion  damage  on 
outer  race 


Fig.  21  -  Output,  inner  bearing, 
corrosion  on  ball 


Pig.  22  -  Output,  outer  bearing, 
corrosion  and  pitting 
on  outer  race 


The  data  collected  on  the  AIDAPS 
helicopters  was  from  gearboxes  of  known 
condition.  Each  gearbox  was  completely 
disassesfeled,  inspected,  and  any  neces¬ 
sary  component  replacesient  accomplished 
prior  to  reassembly  and  use  in  the  pro¬ 
gram.  The  data  included  that  from  an 
implanted  input  quill  duplex  bearing 
(item  20,  Figure  17)  with  known 
defects. 

Figure  23  shows  the  shock  pulse 
curve  for  the  “sanitized”  gearbox  as 
well  ae  one  with  an  implanted  duplex 
bearing.  In  this  case,  the  outboard 
half  of  the  duplex  bearing  had  a  single 
spall  in  the  outer  race,  0.14“  x  0.14”, 
with  a  definite  depth;  the  inboard  half 
had  some  corrosion  caused  pitting  with 
one  pit  in  the  ball's  path  (Figure  24, 
25) .  This  damage  was  classified  in 
category  C  which  corresponds  to  moder¬ 
ate  spalling. 

A  second  duplex  ball  bearing, 
this  one  with  a  single  shallow  spall 
approximately  0.08“  x  0.08”  in  the 
outer  race,  was  implanted  in  another  42* 
gearbox.  Of  particular  interest  was 
the  observation  of  progressive  damage 
while  the  test  was  in  progress.  The 
shape  of  the  shock  emission  curve 
changed  continuously  over  a  period  of 
minutes  in  both  rate  and  shock  level. 
Figure  26  shows  two  curves  developed 
on  a  single  run.  A  change  in  slope 
takes  place  (A) ,  a  sharp  increase  in 
rate  (B-C) ,  a  continual  change  in 
slope  (C-D) .  Without  shutting  down  the 
engine,  the  second  curve  (E-F-G)  was 
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Fig.  24  -  Spall  in  outer  race  of  duplex  bearing 
implanted  on  42°  gearbox 


Fig.  25  -  Corrosion  caused  pitting  in  outer  race  of 
duplex  bearing  implanted  in  42°  gearbox 


DISCUSSION 


Ml r.  Matteson:  (USWO  You  indicated  that  you 
had  acme  difficulty  in  getting  consistent 
leadings  in  your  earlier  tests.  Mere  the 
inconsistencies  due  to  the  non-rigid  support 
of  the  aceelaranetar  of  of  the  accelerate  ter 
itself? 

Mr.  George:  the  non  repetitive  readings  were 
due  to  the  feet  that  wa  used  off  the  shelf 
equipment.  The  Amy  purchased  it  and  aaked 
the  college  to  evaluate  it.  the  original 
piece  of  equipment  had  a  very  large  pair  of 
vise  grips  and  you  simply  claeped  than 
on  the  bolt  or  ecmewhere  on  the  structure;  the 
aoaelercmeber  was  mounted  on  tha  head  of  the 
vise  gripe.  The  problem  was  that  two  people 
oould  climp  with  different  degrees  of  severity 
so  we  oould  not  get  repetitive  readings  under 
that  system.  All  of  the  data  I  have  presented 
here  is  with  the  pressure  claep  that  was 
shown  in  the  figures  themselves,  that  is  the 
pressure  clamp  would  be  mounted  on  the  land 
of  the  bolt  and  then  the  arceleraneter  was 
screwed  in  to  the  mount  itself.  So  I  mention 
that  as  a  problon  of  the  off  the  shelf  piece 
of  equipment  rather  than  a  problem  with  the 
data.  Wfe  do  have  acme  difficulty  with 
repetition  and  if  we  make  a  run  ard  find 
something  abnormally  high  we  try  to  find  the 
cause.  Usually  it  is  very  easy  to  find  that 
the  pressure  clamp  is  not  tight  or  the 
aocelercmeter  is  not  screwed  in  properly,  it 
is  very  evident,  it  is  a  quick  check.  He 


hove  built  up  enough  background  so  that  is 
saaething  becomes  abnormal  we  have  actually 
been  able  to  classify  it  as  either  high  rates 
or  high  levels  of  setting  where  I  get  a  band 
of  rates,  or  a  tine  varying  curve  where  damage 
actually  progresses  with  time.  These  are  the 
four  categories  which  we  look  for.  I  might 
add  that  we  have  also  had  one  trannission 
that  we  suspected  and  alao  a  series  of  90 

Cf6CUT  IXKfiflfQnB  of  which  had  been  torn 
cion,  where  damages  had  been  found.  So  as  we 
go  to  more  ccnplicated  mechanisms  we  find 
that  the  technique  shorn  premise.  It  is 
fairly  easy  to  get  the  data,  it  takes  a  few 
minutes  to  fill  cut  a  curve  and  then  it 
requires  an  interpretation.  Interpretation 
has  bean  built  up  simply  to  empsrianoe. 

Me  did  not  analyze  the  innards  of  the  Muck 
pulse  meter  or  try  to  improve  on  it  we  just 
simply  looked  at  its  feasibility  as  a 
field  tool. 
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developed.  After  engine  shutdown,  an 
oil  sample  analysis  revealed  traces  of 
Mtal,  although  not  beyond  that  deemed 
unacceptable.  The  dotted  line  is  an 
extrapolation  of  the  initial  slope  and 
gives  an  indication  of  the  shock  level 
stabilizing  at  a  factor  of  ten  higher. 
Two  more  runs  were  made  which  essen¬ 
tially  repeated  curve  E-F-G.  Teardown 
analysis  showed  that  the  original  de¬ 
gradation  had  not  changed  noticeably 
but  that  new  spalls  were  found  on  the 
outer  race  and  on  one  ball  bearing. 

SUMMARY 

The  use  of  shock  pulse  techniques 
has  proven  successful  as  a  diagnostic 
tool  in  the  liadted  applications  on  the 
OH-1  to  date.  The  MSFA-10A  shock  pulse 
meter  has  shown  its  ability  to  diagnose 
degraded  hanger  bearings,  particularly 
when  significant  degradation  exists. 

A  single  shock  amission  envelope  has 
been  developed  which  can  be  used  to 
separate  hanger  bearings  of  normal 
wear,  or  the  onset  of  damage,  from 
those  with  severe  damage. 

Although  not  able  to  isolate  the 
particular  dasuged  element  in  a  more 
complex  unit  such  as  the  42*  gearbox, 
the  MEPA-10A  does  show  prosd.se  in  indi¬ 
cating  those  with  som  level  of  degra¬ 
dation.  Furthermore,  in  one  case,  it 
has  shown  its  ability  to  respond 
quickly  to  rather  small  changes  in 
degradation. 

Work  continues  in  enlarging  the 
present  data  base  as  well  as  investi¬ 
gating  the  extension  of  the  technique 
to  other  power-train  components  such 
as  the  90*  gearbox,  transmission,  and 
engine. 
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Fig.  2  -  Full-scale  Prototype  Test 
Vehicle 

INSTRUMENTATION 

Mechanical  peak  shock  recorders 
were  snunted  on  the  Instrumentation 
plate  in  both  the  prototype  and  sub¬ 
scale  model  teat  vehicles.  In  the 
prototype  vehicles ,  two  types  of  shock 
recorders  were  used.  The  first  type 
was  a  mechanical  spring-mass  oscillator 
which  consists  of  a  coil  spring 
connected  to  a  mass  with  a  scriber 
which  records  the  amplitude  of 
vibration  on  a  rotating  cylinder 
(Ref.  (1)).  The  cylinder  is  driven 
by  a  spring  which  is  released  by  the 
initial  shock.  The  speed  of  the 
cylinder  is  not  constant,  but  its 
motion  does  serve  to  separate  such 
events  as  water  impact  and  seabed 
impact.  For  purposes  of  plotting  a 
shock  spectrum,  the  acceleration  from 
these  recorders  is  calculated  for  each 
natural  frequency  as 


where  a  is  acceleration  in  g's,  g  is 
the  gravitational  constant,  u  is  the 
natural  frequency  of  the  oscillator,  and 
4  is  the  displacement  of  the  oscillator 
mass  from  its  static  position.  For 
these  cests,  two  oscillator  units  each 
containing  four  spring-mass  systems  of 
different  frequencies  from  23.8  Hz  to 
228  Hz  were  used.  These  units  covered 
the  low  frequency  region.  Measurements 
in  the  high  frequency  region  were  made 
with  copper  ball  peak  shock  recorders 
(Ref.  (2)).  These  recorders  incorporate 
one  or  more  copper  balls,  each  of  which 
is  deformed  by  a  different  size  mass 
when  the  unit  is  shocked.  The  size  of 
the  mass  with  the  characteristics  of  the 
ball  determines  the  effective  natural 
frequency  of  a  system.  The  calibrations 
of  the  units  are  calculated  and  checked 
experimentally  against  crystal-type 
accelerometers.  Units  containing  a 
total  of  up  to  18  copper  balls,  covering 
frequencies  from  580  to  18,800  Hz,  were 
used  in  the  prototype  vehicle. 


Fig.  3  -  Model  With  Pressure  Bars 

The  sub-scale  model,  like  the 
prototype,  had  peak  shock  recorders 
mounted  on  the  instrumentation  plate. 

For  the  low  frequency  region,  the  coil 
spring  oscillators  were  too  massive  for 
the  model  size,  so  they  were  replaced 
by  some  small,  lightweight  units  manu¬ 
factured  by  Engdahl  Enterprises.  These 
units  each  contain  eight  mechanical 
oscillators  which  use  a  cantilever-beam 
spring  with  a  mass  carrying  a  diamond 
stylus  which  records  displacement  on  a 
gold-plated  stationary  hub.  Two  of 
these  units  were  used  which  provided 
readings  at  a  total  of  16  different 
frequencies  from  310  to  2000  Hz.  For 
the  higher  frequency  range,  nine  copper 
ball/mass  systems  housed  in  a  single 
unit  (NOL  Mod  8  in  Ref.  (2) )  were  used 
to  cover  the  frequency  range  from  4000 
to  18,800  Hz. 

The  sub-scale  model  was  also 
instrumented  with  two  Hopkinson-type 
pressure  bars  for  a  number  of  tests  to 
record  pressure  on  the  model  nose  at 
water  impact  (Fig.  3).  These  bars, 
which  were  steel  rods  0.25  inch  in 
diameter  by  25  inches  long,  were  instru¬ 
mented  with  a  pair  of  semiconductor-type 
strain  gages  close  to  the  sensing  end. 
The  strain  gages  accurately  indicate  the 
applied  pressure,  while  cancelling  out 
any  bending  waves,  until  the  leading 
pressure  wave  is  reflected  from  the 
opposite  end  of  the  bar,  where  it  is 
fastened,  and  again  arrives  at  the  gages. 
The  bars  are  sufficiently  long  that  this 
reflected  wave  does  not  arrive  at  the 
gages  until  after  the  desired  measure¬ 
ment  is  completed.  Wires  trailing  from 
the  model  were  used  to  connect  the 
strain  gages  to  the  recording  instru¬ 
mentation. 

SCALING  LAWS 

Several  different  scaling  laws 
were  considered  in  this  study.  The 
simplest  scaling  is  equal  velocity 
scaling  with  a  geometrically-scaled 
model  constructed  of  the  same  type 
materials  as  the  prototype.  With  this 


40 
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shock  levels  were  determined  for  a  mine-test  vehicle 
during  water  entry  at  near-normal  angles.  Experimental 
tests  were  stade  with  a  sub-scale  model  and  full-size 
prototype.  Scaling  laws  were  developed  which  produced 
pood  data  correlation.  A  computer  analysis  was  made 
using  a  structural  response  program  which  produced 
results  in  agreement  with  the  experimental  data.  Also, 
pressure  measurements  were  made  on  tha  nose  of  the  sub- 
scale  model  which  indicated  a  non-uniform  pressure 
distribution  with  very  high  localized  pressure  transients. 


INTRODUCTION 

An  underwater  mine  is  under  study 
which  can  be  planted  by  aircraft,  being 
dropped  from  any  altitude  without  a 
retardation  device.  Among  the  advantages 
of  eliminating  retardation  devices,  such 
as  parachutes,  are  that  the  shorter 
descent  time  reduces  drift  and  hence 
increases  placement  accuracy,  the  reduced 
air  time  decreases  the  probability  of 
enemy  observation  of  the  planting,  and 
the  mine  is  mechanically  simpler,  more 
reliable,  and  hopefully  less  expensive. 
The  resulting  high-speed  water  impact, 
however,  about  900  fps,  results  in 
severe  structural  loading  and  bottom 
burial  problems.  This  study  was 
directed  only  to  the  water-entry 
problem,  specifically  to  defining  the 
structural  loading  conditions,  tha 
structural  response  of  the  mine,  and 
the  failure  modes.  The  analysis  covers 
only  the  axial  loading  at  water  impact, 
and  does  not  consider  possible 
transverse  loading  produced  at  a  later 
time  oy  slap  against  the  water-cavity 
wall.  The  approach  taken  was  to 
conduct  experimental  tests  with  both 
sub-scale  and  full-scale  vehicles,  and 
to  use  the  resulting  data  as  input  to, 
and  verification  of,  a  computer  analysis. 

TEST  VEHICLE  DESIGN 

A  test  vehicle,  shown  schemati¬ 
cally  in  Fig.  1,  was  designed  to 
represent  the  proposed  mine.  The  proto¬ 
type  characteristics  are  a  weight  of 
2060  pounds,  a  diameter  of  21  inches, 
and  a  length  of  120  inches.  The  case 
and  structural  components  are  all  steel. 
The  flat  disk  nose  shape  was  chosen  for 


its  high  drag  to  produce  a  minimum 
water-impact  velocity  and  minimum 
seabed  impact  velocity.  This  shape, 
however,  does  produce  a  maximum  water- 
impact  shock  for  a  given  velocity. 


» i*  nerc  *am 


Fig.  1  -  Free-Fall  Mine  Test  Vehicle 


Two  vehicles  were  built  to  the 
full-scale  dimensions,  and  one  sub¬ 
scale  model  was  constructed.  Figs.  2 
and  3  show  one  of  the  full-scale 
vehicles,  and  the  model,  respectively. 
The  sub-scale  model,  geometrically 
scaled  and  constructed  of  the  same  type 
materials  as  the  prototype,  was  designed 
to  be  launched  from  a  5-inch-bore  diam¬ 
eter  air  gun  into  the  NSWC  Hydroballis¬ 
tics  Tank.  The  exact  model  diameter 
was  4.855  inches,  giving  a  scale  factor 

4.855 

X  -  2l  -  0.231 
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so  that 


PRESSURE  MEASUREMENT  TESTS 


(»aax>a  . 
(*max)p 


or 


<amax)*  -j/i(*aax»p 

Por  the  shock  region  where  the  input 
pulse  duration  is  greater  than  the 
vehicle  natural  period,  i.e.,  for 
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tn 


the  value  of 


“max 


w  1 


Since 


U.  -  Up 

it  then  follows  that 

*xraax^a  m  ^xmax*p 


or 


(amax>m  w  (amax,p 

if  it  can  again  be  assumed  that  the 
vehicle  responds  as  a  simple  spring 

mass  system. 


In  summary,  the  modified  Proude 
relationships  which  have  been  derived 
are  as  follows! 
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Knowledge  of  the  pressures  on  the 
nose  of  the  vehicle  at  water  entry  was 
desired  for  input  to  a  computer  for 
analysis.  Accordingly,  the  sub-scale 
model  was  instrumented  with  two 
Hopkinson-type  pressure  bars  as 
previously  described.  With  this 
instrumentation,  the  model  was  fired 
into  the  water  with  a  trajectory 
5  degrees  from  vertical  at  velocities 
of  150  to  200  fps. 

The  pressure  data  obtained  from 
the  pressure  bars,  which  is  believed 
to  be  accurate,  showed  wide  variations 
in  amplitude  and  rise  time  from  test  to 
test.  Maximum  amplitudes  varied  by  a 
factor  of  five  or  six,  with  the  higher 
readings  a  factor  of  two  above  the  value 
of  pcV  (where  p  and  c  are  the  density  and 
sound  speed  of  water,  respectively,  and 
V  is  the  model  impact  velocity)  which 
is  the  theoretically  maximum  obtainable 
value.  It  is  hypothesized  that  the 
following  may  be  occurring  (See  Pig. 

(4))t  air  pushed  in  front  of  the  body 
dishes  the  water  surface  before  impact 
so  that  effective  impact  angles  less 
than  the  trajectory  angle  may  occur. 
These  shallow  angles  accelerate  the 
water  tangentially  at  very  high 
velocities.  Measurements  of  difference 
in  time  at  which  the  two  nose  gages 
first  saw  pressure  indicated  water 
velocities  up  to  about  4000  fps,  or  20 
times  the  impact  velocity.  Water  at 
these  velocities,  when  stagnated  within 
the  dished  surface,  would  generate  high 
erratic  localized  pressures  such  as 
those  observed.  Because  these  pressures 
are  localized,  it  is  not  possible  to 
use  a  limited  number  of  readings  for 
purposes  of  calculating  impact  forces 
or  accelerations.  The  pressure  measure¬ 
ment  portion  of  the  program  was  there¬ 
fore  terminated. 

SHOCK  MEASUREMENT  TESTS 

a.  Sub-scale  Model  Tests.  The 
0.231-scale  model  as  used  for  shock 
measurements  contained  the  mechanical 
peak  shock  recorders  described  above 
mounted  on  the  instrumentation  plate. 

The  recorders  gave  readings  at  25 
different  frequencies.  Tests  were  made 
at  150  fps  with  an  entry  angle  of  85 
degrees.  Fig.  5  shows  data  front  six 
of  these  tests.  The  relationships  from 
which  the  shock  spectrum  grids  are 
drawn  are 

w2S 

a  »  and  v  »  u>4 

A  few  tests  were  made  at  greater 
velocities,  with  permanent  deformation 
of  the  nose  in  the  form  of  dishing  tak¬ 
ing  place  at  300  fps. 
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scaling,  tha  atraaaea  axpar lanced  by 
the  nodal  are  exactly  equal  to  those 
of  the  prototype  and  the  scaling  holds 
through  gross  plastic  failure.  The 
only  feature  of  this  scaling  which  may 
be  undesirable  is  that  tha  accelerations 
felt  by  the  model  are  higher  by  the 
scale  factor  than  those  experienced  by 
the  prototype.  Following  are  the 
scaling  relationships  where  X  is  the 
scale  factor,  and  the  subscripts  m  and 
p  refer  to  the  nodal  and  prototype, 
respectively: 
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The  other  scaling  law  studied  was 
Froude  scaling.  This  scaling  was 
chosen  because  Froude  number  governs 
the  dynamics  of  free-surface  flow,  and 
the  input  accelerations  to  a  rigid 
model  and  prototype  are  equal.  The 
basic  scaling  relationships  are  as 
follows: 
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If  the  same  type  materials  are  used  for 
modal  and  prototype,  the  structural 
frequency  relationship  is  «  uip/X. 

The  time  and  frequency  relationships 
are  not  reciprocals  as  they  must  be. 

The  result  is  that  the  pressure  input 
pulse  duration  is  too  long  with  respect 
to  the  model  natural  frequency. 

Further,  the  pressure  relationship  is  X 
rather  than  unity  which  means  that 
incipient  and  subsequent  plastic 
failure  will  not  scale  with  the  same 
swterials.  Thus,  true  Froude  scaling 
requires  the  use  of  materials  with 
different  physical  properties.  The 
time  relationships  will  be  satisfied  if 
materials  are  selected  to  keep  the . 
Cauchy  number  constant.  The  Cauchy 
number  is  MVVEI,3,  where  the  quantities 
involved  are  mass,  velocity,  modulus  of 
elasticity,  and  length.  Further 
attention  to  material  strengths  and 


stiffness  of  sections  results  in 
correct  modeling  of  failure  modes. 

Ref.  (3)  deals  with  this  type  modeling 
in  some  detail.  Applying  this  modeling 
is  difficult  because  of  the  unavailabil¬ 
ity  of  structural  s*terials  with  the 
desired  properties,  which  then  dictates 
making  compromising  geometric  changes. 

In  this  study  a  modified  type  of 
Froude  scaling  was  used  which  allows  use 
of  identical  materials  in  model  and 
prototype  and  seams  to  work  well  for 
scaling  peak  shocks.  This  scaling 
involves  the  use  of  different  scaling 
relationships  in  high  and  low  frequency 
regions.  The  velocity  scalinq  is  the 
Froude  relationship  vB  •  /Xvp  and  since 
the  structural  materials  of  model  and 
prototype  are  the  asms,  the  frequency 
relationship  is  ug  •  wp/X.  For  the  low 
frequency  region  where*the  input  pulse 
duration  is  short  with  respect  to  the 
vehicle  natural  period,  i.e.,  for 

tpulse  tpulse 

- U! -  <  0.5 

the  following  analysis  can  be  used. 
Consider  the  dynamic  load  factor  curve 
for  a  simple  spring  mass  system  as 
shown  below  (Ref.  (4))  where  u  is  the 
displacement  input  to  the  system  and  x 
is  the  response. 


*  tpulse 

Tn 


where  k  is  the  slope  of  the 


response  curve.  Then, 
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where  the  subscripts  refer 
and  prototype  respectively 
scaling 
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plotted  for  comparison  with  the  proto¬ 
type  data  from  Pig.  7.  It  is  seen  that 
the  agreement  is  good. 

A  study  of  the  Free-Fall  Nine  data, 
see  Fig.  7,  shows  that  the  water-entry 
input  shock  level  is  related  to  the 
maximum  spectrum  velocity  change  and  the 
highest  spectrum  peak  g  in  the  low  fre¬ 
quency  range.  Spectrum  peak  g  for  the 
high  frequency  range  is  a  measurement  of 
the  ringing  in  the  vehicle  structure  from 
shock.  The  peak  g  in  the  high  frequency 
range  followed  no  consistent  pattern 
with  respect  to  water-entry  velocity. 


Fig.  7  -  Shock  Spectra  for  Water  Impact 
of  Prototype  Vehicle 


Fig.  8  -  Prototype  Test  Vehicle  Nose 

Damage  from  600  fps  Water  Impact 


The  velocities  at  which  failure 
occurred  in  the  sub-scale  model  and 
prototype  did  not  agree  as  well  as  might 
be  desired.  The  scaling  relationships 
indicate  that  stresses  are  equal  in  sub¬ 
scale  model  and  prototype  at  equal 
velocity.  Deformation  of  the  model  nose 
occurred  at  300  fps;  the  prototype  nose 
did  not  deform  at  300  fps,  but  at  500 
fps  deformation  occurred  which  was  great¬ 
er  than  the  model  deformation  at  300  fps. 
This  discrepancy  is  attributed  to  the 
effects  of  the  roughness  of  the  water 
surface.  In  the  model  tests,  the  labora¬ 
tory  water  surface  was  perfectly 
placid;  the  ocean  water  into  which  the 
prototype  vehicles  were  dropped,  however, 
was  somewhat  rippled.  It  is  felt  that 
a  rippled  surface  results  in  a  "less 
solid"  impact  and  hence,  lower  stresses. 


Fig.  9  -  Comparison  of  Shock  Spectrums 
from  Scaled  Model  Data  and 
Experimental  Prototype  Data 


COMPUTER  SIMULATION  STUDIES 

The  Free-Fall  Mine  was  modeled  for 
the  NASA  Structural  Analysis  (NASTRAN) 
computer  program  (Ref.  (59  to  see  if  the 
structural  response  of  the  model  and 
prototype  could  be  adequately  simulated. 
Since  the  materials  in  the  model  and 
prototype  were  similar,  changing  the 
computer  program  from  one  to  the  other 
involved  only  multiplying  the  physical 
dimensions  by  the  scale  factor. 

From  Ref.  (6)  an  estimate  was  made 
of  the  expected  input  pulse  to  the  sub- 
ncale  model  at  water  entry.  This  pulse 
was  p:t  into  the  NASTRAN  program  and  the 
response  of  the  model  at  the  peak  shock 
recorder  location  was  determined.  This 


Fig.  4  -  Diagram  of  Motor  Impact 

Showing  Poooiblo  Couoo  of 
Sigh  Recorded  Prooouro 


of  from  300  to  395  fps.  At  these 
velocities  no  damage  to  the  vehicle 
was  experienced.  Fig.  4  shows 
mechanical  oscillator  traces  from  one 
of  these  tests.  Fig.  7  shows  the 
shock  spectra  from  these  tests  at  three 
different  water-impact  velocities.  The 
last  two  tests  were  made  with  impact 
velocities  of  500  and  600  fps.  In 
both  of  these  tests,  the  nose  and 
tail  covers  were  dished  in  from  hydro- 
dynamic  loading  and  inertial  response, 
respectively.  Fig.  8  shows  the  nose 
damage  for  the  600  fps  water  impact. 


Fig.  5  -  Shock  Spectrum  for  Water 
Impact  of  Model 


b.  Prototype  Tests.  Two  21-inch- 
diameter  prototype  test  vehicles  were 
fabricated  for  this  test  series.  Bach 
had  26  peak  shock  recorders  of  different 
frequencies  mounted  on  the  instrumen¬ 
tation  plate.  The  vehicles  were 
dropped  into  the  ocean  from  a  heli¬ 
copter  at  altitudes  required  to  attain 
the  desired  water-entry  velocities. 

Six  tests  were  made.  The  first  four 
teats  were  with  water-entry  velocities 
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Fig.  6  -  Mechanical  Oscillator  Traces 
from  Prototype  Vehicle 

MODEL  AND  PROTOTYPE  DATA  CORRELATION 

The  shock  data  from  the  sub-scale 
model  was  scaled  to  prototype  values 
using  the  modified  Froude  relationships 
derived  under  'Scaling  Laws.*  These 
relationships  were  used  rather  than  the 
equal  velocity  relationships  because  the 
greater  accelerations  of  the  model  with 
equal  velocity  scaling  were  out  of  range 
of  the  low  frequency  peak  shock  recorders. 
Since  velocity  scales  as  the  square  root 
of  the  scale  factor  with  Froude  scaling, 
the  150  fps  model  tests  correspond  to 
the  300  fps  prototype  tests.  Fig.  9 
shows  the  sub-scale  model  data  from 
Fig.  5  scaled  to  prototype  values  and 
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CONCLUSIONS 

The  following  conclusions  have 
resulted  from  this  study: 

1.  Sub-scale  model  testing  is  a 
valid,  economical  technique  for  obtain¬ 
ing  structural  response  data  from  a 
vehicle  experiencing  water  entry. 

2.  The  simplest  applicable  scaling 
for  the  structural  response  of  a  water- 
entry  vehicle  is  equal  velocity  scaling 
in  which  the  sub-scale  model  is  geomet¬ 
rically  scaled  using  the  same  materials 
as  in  the  prototype,  with  model  and 
prototype  test  velocities  equal.  The 
only  disadvantage  of  this  type  of 
scaling  is  that  the  model  accelerations 
are  higher  than  those  of  the  prototype 
by  the  scale  factor.  (This  disadvantage 
made  the  use  of  equal  velocity  scaling 
impractical  for  this  study  because  low 
frequency  peak  shock  recorders  with  a 
sufficiently  high  acceleration  capa¬ 
bility  were  not  available.) 

3.  A  modified  Froude  scaling 
technique  for  water  entry  (relationships 
given  under  "Scaling  Laws")  is  valid 
which  does  not  require  the  scaling  of 
model  material  properries  as  is  required 
for  exact  Froude  scaling. 

4.  Using  a  structural  response 
computer  code,  such  as  NASTRAN,  with 
experimental  model  data  from  a  series  of 
peak  shock  recorders,  the  input  pulse  at 
water  entry  can  be  inferred.  Once  this 
is  done,  the  pulse  can  be  scaled  to  the 
full-size  prototype  case  and  the 
structural  response  at  any  desired 
location  can  be  obtained  from  the 
computer . 
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NOMENCLATURE 

a  =*  acceleration 
c  »  sound  speed  of  water 
E  »  modulus  of  elasticity 
g  *  gravitational  constant 
k  ”  constant 

1  >  characteristic  length  dimension 
M  »  mass 
P  »  pressure 
t  ■  time 
T  »  period 

u  “  input  displacement 


v,  V  ■  velocity 

x  «  response  displacement- 

6  ”  displacement  of  oscillator  mass 

X  «  scale  factor 

p  ”  density  of  water 

c  -  stress  or  standard  deviation 

u  *  frequency 

Subscripts 

a  »  model 

N  «  natural 

p  «  prototype 
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response  was  put  into  a  smaller  computer 
program  to  determine  the  responses  of  the 
peak  shock  recorders.  The  pressure  pulse 
inputed  to  the  NASTRAN  program  was  then 
modified  to  bring  the  calculated  peak 
shock  recorder  responses  into  good  agree¬ 
ment  with  the  experimental  responses. 

Fig.  10  shows  the  input  pulse  to  the 
NASTRAN  program  and  the  computed  response 
at  the  location  of  the  peak  shock  record¬ 
ers  on  the  instrumentation  plate  in  the 
model.  Fig.  11  shows  the  shock  spectrum 
calculated  from  Fig.  10  plotted  for 
comparison  with  the  experimental  data 
from  Fig.  5. 
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This  pressure  relationship  is  felt  to  be 
valid  for  impact  angles  up  to  85  degrees. 
The  resulting  pulse  was  inputed  to  the 
NASTRAN  code  with  the  prototype  vehicle 
dimensions  and  the  output  was  analyzed 
to  obtain  a  peak  shock  spectrum.  Fig. 

12  shows  this  data  compared  to  full- 
scale  experimental  data. 


Fig.  11  -  Comparison  of  Computed  and 

Experimental  Shock  Spectrums 
for  Nodal 
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Fig.  10  -  Computer  Code  Input  and 
Output  for  Nodal 

Having  inferred  the  input  pressure 
pulse  to  the  sub-scale  model  by  attain¬ 
ing  agreement  between  the  NASTRAN  pro¬ 
gram  and  the  experimental  data,  this 
input  pulse  pressure  and  duration  were 
scaled  to  prototype  values  using  the 
relationships 


Fig.  12  -  Comparison  of  Computed  and 

Experimental  Shock  Spectrums 
for  Prototype 
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structures  and  lo  amplify  the  required  analysis.  in  grner- 
al  this  a  accomplished  by  designing  a  structure  for  a  col- 
lapae  toed  greater  than  the  working  load.  The  resulting 
structure  bean  the  working  load  with  negligible  perma¬ 
nent  deformation.  The  formation  of  a  plastic  hinge  in  a 
structure  does  not  necessarily  allow  collapse  but  merely 
allows  a  redistribution  of  stresses.  The  reserve  strength 
beyond  yield  allows  rotation  of  the  plastic  hinge  as  the 
load  is  increased.  Redistribution  and  the  increase  in  load 
will  ultimately  result  hi  a  collapse  mechanism.  The  col¬ 
lapse  mechanism  in  terms  of  a  static  load  constitutes 
catastrophic  failure:  however,  the  collapse  mechanism  also 
constitutes  energy  dissipation  greater  than  the  elastic 
strain  energy  per  unit  of  displacement.  For  example,  the 
energy  dissipated  at  a  displacement  twice  the  elastic  limit 
in  a  simple  structure  may  be  four  times  that  absorbed 
elastically.  At  two  elastic  limit  displacements.  deflections 
am  not  likely  to  be  vMMe. 

These  bade  principals  can  be  readily  shown  by 
example.  Consider  a  fixed  ended  beam  (Fig.  1 1  loaded 
at  its  center:  the  beam  thus  representing  a  foundation  and 
the  load  representing  an  equipment. 


Fig.  I  •  Simple  System 

A  comparison  of  the  energies  at  various  points  of 
displacement  will  demonstrate  the  advantages  of  plastic 
design.  The  loads  associated  with  the  example  me  m 
shown  in  Fig.  2. 


Fig.  2  -  Beam  Loading 

The  beam  may  have  four  stages  of  deformation: 

1.  Elastic  limit 

2.  Plastic  hinges  have  formed  at  the  ends 
and  the  load  increases  towards  the  ulti¬ 
mate  load. 

3.  Ultimate  load  h  reached. 

4.  Deformation  beyond  the  mechanhm  for¬ 
mation. 

The  load  displacement  relationship  for  the  beam 


h  shown  hi  Pig.  3. 


DISPLACEMENT 


Fig.  3  -  Load  Displacement 

The  area  under  this  curve  represents  the  energy 
absorbed  or  dissipated.  The  energy  at  the  formation  of 
the  mechanhm  b  about  4.0  times  greater  than  at  the 
elastic  limit.  Beyond  the  mechanhm  formation  the  ener¬ 
gy  dissipation  for  each  increment  of  dhplacement  equal 
lo  tha  elastic  Untit  h  about  3.0  times  greater  than  the 
energy  it  the  elastic  limit.  In  terms  of  a  step  velocity 
input  of  say  10  ft/sec  to  reach  the  elastic  limit  it  would 
require  20  ft/sec  to  reach  the  mechanism  formation.  On 
the  other  hand  a  light  structure  could  be  substituted  if 
tiw  input  h  held  at  10  ft/sec.  Allowing  three  elastic 
Imit  displacements,  a  weight  savings  of  75  percent  can  be 
realized. 

HISTORY  AND  STATUS 

The  pfawtic  design  of  statically  loaded  steel  struc¬ 
tures  was  initiated  nearly  50  yean  ago.  In  1961  there 
were  more  than  2,000  structures  built  which  had  been 
designed  using  the  plastic  design  methods.  Them  struc¬ 
tures  have  demonstrated  the  usefulness  of  plastic  design 
as  applied  to  static  toads.  It  h  expected  that  the  gains 
to  be  made  in  structures  designed  for  dynamic  loads 
would  be  even  more  profitable.  This  can  be  realized  since 
static  structures  deform  catastrophically  when  the  load 
reaches  the  collapse  l~vd  while  in  a  dynamic  structure  the 
coOapae  mechanism  «..rely  allows  energy  dissipation. 

Early  investigations  carried  out  by  the  Brown 
University  under  contract  to  Naval  Ship  Research  and 
Development  Center  (NSRDC)  produced  methods  which 
looked  promising  toward  application  to  certain  classes  of 
structures  subjected  to  bnpuWve  load.  These  methods 
■til  others  developed  st  NSRDC  were  applied  to  some 
simple  structures  by  NSRDC.  Experimental  investigations 
were  carried  out  and  correlations  were  made.  The  re¬ 
mits  Plowed  that  these  methods  give  acceptable  estimates 
on  the  plastic  deformation  expected.  These  investigation 
were  carried  out  on  simple  structures  is  in  initiation  of 
the  work  to  develop  a  plastic  design  methods.  Three 
system*  were  Investigated: 


PLASTIC  DESIGN  ANALYSIS  OF  SHIPBOARD 
EQUIPMENT  SUBJECTED  TO  SHOCK  MOTIONS 
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The  appHwllaa  of  plaaHe  dorign  Mdmtqmghi  Mdphoord  um  is  dlicamsd.  Emphasis 
k  placed  on  appicntiom  la  the  dtoci  dnipi  of  apdp—al  and  ilinwn  Appro  ah 
•t  OM|n  iwtrom  art  qkumm  im  niuiu  of  Mfni  mom  HMi  aft  |pfi  an 
compared  with  theae  methods.  These  comparisons  dwa  that  these  dnplM  meth- 
oda  give  remits  which  as*  acceptabia  as  pood  tint  asthmtei  of  drock  damape.  The 
sccaracy  indkatea  that  these  methods  can  be  applied  hi  the  deaipi  of  mm  ties 
where  naaO  set  displacements  art  allowable. 


INTRODUCTION 

The  complexity  of  modem  naval  ahipt  and  mb- 
msriori  reqnircs  constant  updating  of  design  methods  and 
procedures.  This  is  particularly  true  of  light  highspeed 
advanced  designs.  New  design  methods  and  desist  criteria 
which  wig  result  in  weight  and  pact  tarings  arc  essential. 
Is  current  naval  vessels  there  exist  atmetnem  which  art 
obviously  overdesigned  and  would  show  riprifiesnt  savings 
in  weight  sad  space;  foundations  la  particular. 

Shipboard  equipment  can  be  divided  into  tbrao 
categories  of  design  One  category  cm  bo  rimrifhd  at 
those  equipments  which  always  require  a  dote  lUgmint. 
For  throe  equipments  it  is  necessary  that  neponae  to 
operating  and  shock  loads  be  confined  to  the  elastic  range. 
Equipments  such  at  SINS,  turbines,  reduction  gears,  shaft- 
inf.  turbogenerators  and  similar  items  fin  in  this  category. 
A  second  category  which  includes  a  large  majority  of 
dupboard  structures  and  equipment  may  be  classified  aa 
those  items  which  do  not  require  alignment  and  can  show 
anal  deformations  Piping.  resiUenUyenountcd  equip¬ 
ments  and  many  foundations  for  example  can  be  consider¬ 
ed  for  this  category.  The  enormity  of  this  category  in 
particular  warrants  a  careful  considers  bon  of  new  methods 
which  may  I  ween  costs,  weight  and  qrece  requirements. 

A  third  category  may  ba  classified  as  those  items  which 
cm  tolerate  large  deformations  (deformations  greater 
than  four  elastic  limit  dhpiacements).  Foundations  for 
electronic  cabinets,  wsaptiu  cradles  and  dofUet.  decks, 
stanchions  and  other  support  structures  cm  be  coaMderad 
for  this  category.  Methods  which  remit  in  significant 
hock  protection  ere  advantageous  and  nrrraaary  for  many 


Ham  in  this  category. 

Lftth  atrautioa  has  been  given  to  the  efficiency 
of  design.  Purr  designed  foundations  for  rxsmpie  can  be 
improved  significantly  by  taking  advantage  or  the  reserve 
strength  in  dw  materiel  above  its  yield  point.  This  re¬ 
serve  strength  cambinsd  with  the  redundancy  generally 
encountered  in  foundation  design  cm  serve  to  optimise 
foundation  efficiency.  To  make  aas  of  the  reserve 
strength  requires  ptmtk  design  procedures.  Currently, 
plnstic  design  procedures  me  practically  nowexierent  for 
dynamic  loads. 

Simple  one  degree  of-fteedom  beam  structures  are 
plastically  designed  using  the  Unit  load  procedure  (see 
DOS  9110-7).  More  complex  structures  may  be  designed 
using  an  elastic  analysis  procedure  (DDAM)  but  using  re¬ 
duced  inputs.  This  procedure  results  in  a  structure  which 
will  deform  plastically  at  the  unreduced  shock  level.  The 
resulting  deformation  or  response  of  the  structure  h  of 
course  unknown.  This  United  usage  of  the  plastic  design 
concept  does  not  allow  optimization  of  design  efficiency. 

The  purpose  of  this  paper  is  to  delineate  the 
plastic  design  method  foe  shipboard  application  and  the 
expected  gains. 

Plastic  Design  Methodology 

Plastic  dodge  Is  the  art  of  utilizing  the  reserve 
strength  of  ductile  materials  to  optimize  the  efficiency  of 
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the  load  required  to  form  t  id— Ion  to  urvrhinged. 
only  the  evatkbk  energy  hi  dunged  shghtly.  InitUUy. 
the  up  availabb  up  to  the  point  of  strain  hardening 
c  at  ,  ie  (boat  28  dM  that  at  tho  eiaMk  lhait.  At 
font  dank  knit*,  la—  thaa  15  percent  of  thk  energy  hat 
beta  dkripated.  And  earn  at  that,  the  energy  and  load- 
carrying  capadty  abort  the  point  of  (train  hardening  hi 
not  boon  cotaidered.  Thk  ie  pointed  out  to  (how  that 
thee  tare  k  reel  above  the  highest  attain  conrideied  in 
fkatk  daaiga.  Therefor*  predictions  within  throe  or  fow 
daotk  Indta  abould  be  acceptable  for  plaetk  deeipi  of 
bean  la  the  aacond  category  previously  mentioned.  The 
eaperknca  thk  far  hi  shown  that  mathoda  ere  evagablr 
far  the  plearir  daaign  of  ample  structure*. 

mom 

k  bat  been  pointed  out  that  anal  pink  dcfor- 
aaadana  da  aat  danaia  the  load-carrying  capacity  of  a 
mac  taro,  be  addition,  the  energy  available  above  the 
dearie  hndt  for  meet  atractaral  ateek  k  —any  times  great- 
*r  than  that  at  the  eketk  fanit.  For  equjp- 

aaanta  not  required  to  maintain  alignment,  foundations 
coaU  be  designed  to  dissipate  dutch  energy  by  taking 
advantage  of  the  strain  energy  above  the  ekatk  knit. 

The  ample  foundation  of  Ref.  (3)  was  investigated  to  de- 
Mtadne  the  shock  mitigation  afforded  through  large  pka- 
tfc  defocmathma.  The  acceleration  itpooae  of  the  rimu- 
ktad  equipment  k  given  hi  Fig.  5.  The  compondlng  set 


displacement  was  6.5  thnaa  the  ekatk  limit.  It  k  seen 
that  the  acceleration  were  knifed  to  about  25  |'s  which 
may  be  competed  to  a  100  g  Input.  This  knit  me  main¬ 
tained  during  a  subsequent  Mat  at  a  higher  severity. 

The  torsion  tike  mount.  Ref.  (4),  k  mother 
instance  where  advantage  of  piaatk  deformation  hae  been 
utilized.  The  tubes  of  the  mount  dissipate  energy  through 
tordonal  plastic  deformation.  The  load-carrying  capacity 
of  the  mount  k  constant  throughout  deformation. 

Other  spin  offs  of  piaatk  daaign  could  be  its  ap- 
pRcation  to  bulkheads,  decks,  and  stanchions:  possibly 
even  the  hull  structure  for  expioaon  reds  lame  and  seaway 
bade. 

CONCLUSION 

The  Inherent  reserve  its  tag th  k  structural  steeb 
wii  aflow  an  optimization  of  the  structure!  efficiency  of 
dUpboord  structure.  It  k  expected  that  foundation 
weights  can  be  reduced  from  that  required  for  elastic  de¬ 
sign  If  maximum  set  displacements  ire  slowed  to  reach 
three  ekatk  knit  displacement*.  Similar  weight  reduc¬ 
tions  can  be  expected  in  structures  other  than  foundations 
where  plastic  design  k  applicable.  The  weight  savings  de¬ 
pend  on  the  trade  off  allowances  foe  aR  the  factors  in¬ 
volved.  Considerations  for  none,  vibration,  and  maximum 
set  deformations  must  enter  the  trade  off  allowances. 


Fig.  4  -  idealized  Stress-Strain  Relationship  for  a  Medium  Steel 
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1.  Tip  loaded  cantitaver  boat 

2.  TVw  rpan  beam 

3.  Staple  foundation 

Each  of  time  lymnu  waa  ImtaOad  on  the  Float- 
tag  Stack  Halfoni  (FSP).  Simulated  underwater  weapon 
attack)  were  conducted.  Analytical  prediction)  on  the 
aat  dhptacementa  were  compared  to  the  experimental  re¬ 
nte.  Then  investigations  are  reported  in  Ref.  (I),  (2) 
and  (3)  reapectirely.  A  nunnery  of  conpariaona  in  Ref. 
<11  and  (2|  ia  given  in  Tabta  I  and  2.  The  abbreviation) 
pven  in  Table  1  indicate  the  varioua  nattada  which  were 
aaahntad  in  the  atudy.  Detail)  of  the  nattada  are  givan 
in  the  reference*. 


In  ad  caeaa  teaam.  the  gaadtated  and  the  experi¬ 
mental  deformation  are  within  tmm  etatic  Unit  duptace- 
aaentx.  b  rikooM  be  noted  dta  even  at  four  etaatic  limit 
dhptanrnenti  the  defotnatiaot  aat  too  waaB  to  be  teen. 
The  peak  dbplncaaeant  af  tin  tineaopan  beam  for  ex¬ 
ample.  waa  on  tin  order  af  l/4ench  in  a  qma  length  of 
78  inche*  The  warp  in  many  welded  itructurea  amount) 
to  thh  much  and  etc  retiMy  acceptable.  Even  though 
thete  structure*  deformed  pltaticaRy  it  should  be  pointed! 
out  that  their  load  cerrytag  capacity  waa  unaltered.  Re¬ 
ferring  to  Fig.  4.  etrtini  up  to  3  ar  4  tinea  that  at  the 
etaatic  tank  ngieeaat  only  a  weal  portion  of  the  available 
energy  repnaantad  by  tin  aeaa  under  the  itren  i train 
curve.  Upon  relaadtag  from  a  M  of  four  italic  Smite 


TABLE  I 

of  Theoretical  and  I 


taitial  Static  Defamation-^- 

"-•-V 

•m 

Maaanrad 

EFMR 

EPB 

RPB 

EPMiV 

RFMA 

A 

-199 

•138 

-2.66 

-3.31 

-175 

•3.25 

•1445 

A 

•147 

•149 

-145 

•3.08 

-133 

-3.03 

-IBIS 

B 

•0.91 

•0.97 

•1.13 

-1.69 

•1.12 

-1.62 

4JSS 

B 

•IN 

-1.23 

•1.29 

•1.83 

•1.28 

-1.7S 

4432 

C 

-0.38 

41.75 

-0.89 

-1.42 

4L87 

•1.36 

4461 

C 

-0.72 

-0.97 

-1.02 

-1.55 

-0.99 

-1.49 

4.199 

D 

■0.244 

-0.49 

4I.S9 

♦1.12 

41.35 

-1.06 

44BB 

D 

■0.47 

-0.7* 

•0.80 

•1.32 

41.76 

-1.26 

4445 

*  Abbreviations 

EPMR  -  Etaatic-Parfectty-Ptaetic  Mode  Response 

EPB  •  Fleatir  Ptifbetiy-Hntte  Bound 

US  •  RighhFeifectiy-naatic  Bound 

EPMA  -  Elastic- Perfect  ly-rtaetic  Mode  Approximation 

RFMA  •  Ri#d- Perfectly -Plmtic  Mode  Approximation 

S  -  Deformation 

Y(  •  Etaatic  Unit  Displacement 


TABLE  2 

Thrae-Spaa  Beam  Comporieon  of  Analytical  and  Fxperinantal  Piedtatans 


Method 

Peak  Dtaptaeenent 

(ta.) 

Finite  Difference 

0.34 

RigU-naotic  Bound 

0.43 

Approx.  Rigid-Plastic  Mode 

0.34 

Experimental 

0.220 

A  complete  Hat  of  reference*  ia  givan  on  page  6. 
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la  addition  to  the  unrinp  in  weight  which  relates 
to  costs,  there  is  also  an  expected  cost  reduction  <hie  to 
the  riaapBcity  of  plastic  design  analysis  methods 

The  lighter  structures  resulting  from  ptastic  de- 
aga  tend  to  reduce  the  hard  spots  usually  associated  with 
foundations  and  deep  frames.  The  lighter  structures  re¬ 
quire  less  sttschment  weld  which  minimizes  weld  site  tees. 

Additions!  grins  are  possible  employing  plastic 
deformation  concepts  in  shock  mitigation. 

REFERENCES 

(I)  Butt.  L.  T.  et  aL,  “Shock  Damage  Mechanism  of  a 
Staple  Structure,”  Naval  Ship  Research  and  Develop* 


DISCUSSION 

Mr.  tamer:  (Westinghouae  Electric  CQrp)  Did 
you  cl  reck  far  any  available  data  on  the  effect 
of  strain  rate  ert  yield  stress?  I  think  there 
are  a  nuttier  of  curves  around,  one  by  Manjoine, 
and  it  was  around  from  the  year  one.  Or  did 
you  just  guess  at  it  and  see  how  well  it  matched? 

Mr.  Butt:  Not  prior  to  the  test.  Prior  to  the 
tests  it  was  oaincn  knowledge  that  the  strain 
rate  would  not  affect  motions  at  these  rates; 
but  after  finding  this  difficulty  we  did  go 
bade  and  look  through  the  literature  and  the 
strain  rates  that  we  had  for  this  steel  agreed 
with  the  data  in  the  literature.  The  doubling 
of  the  yield  stress  was  in  accordance  with 
the  data  that  had  teen  found  for  steels  similar 
to  this;  but  there  is  a  very  limited  aaount  of 
data  for  the  strain  rate  effects  on  the  new 
steels  such  as  HY  BO  and  KY  100  and  so  on. 

Mr.  Waser:  (Naval  Surface  Weapons  Center)  You 
talked  about  plastic  design,  isn't  that  really 
a  misnaner,  aren't  you  really  in  the  elastic 
region?  Have  you  taken  fatigue  problsns  into 
account? 

Mr.  Butt:  We  are  actually  in  tte  plastic  design 
region  using  this  method:  we  assure  a  rigid 
plastic  deformation  which  means  that  we  are 
going  into  the  plastic  range  immediately  and 
also  the  problem  is  shock  which  is  really  not 
affected  by  fatigue  type  deformations.  The 
structure  is  assured  to  unfatigued  and  capable 
of  taking  same  shock  load. 

Mr.  Matheson:  (Naval  Surface  Weapons  Center) 

You  deal  with  the  plastic  region  in  your 
analysis  which  most  designers  stay  away  from 
because  it  is  a  one  way  street.  You  do  not 
plan  to  reuse  tte  structure  in  the  sane  manner 
after  you  have  gone  through  this  region.  Are 
those  your  design  considerations? 


meat  Center  Report  2191  (Mar  1967). 

(2)  Bull.  L  T..  “Shock  Damage  Analyse  of  a  Three- 
Span  Beam,”  Naval  Ship  Research  and  Development 
Center  Report  3259  (Aog  1972). 

(3)  Butt,  L.  T..  “India tic  Analyrit  of  a  Staple  Mach¬ 
inery  Foundation  Subjected  to  Underwater  Explo¬ 
sion  Attack,"  Naval  Ship  Research  and  Development 
Center  Report  E  SD  177-120. 

(4)  Butt.  L.  T..  “The  Use  of  Tonion  Tubes  to  Approach 
the  Ideal  Constant  Force  Maintenance-Free  Restor- 
abie  Shock  Mount."  Naval  Ship  Research  and  De¬ 
velopment  Center  Report  2545  (Dec  1969). 


Mr.  Butt:  No  not  exactly.  The  design 
considerations  are  to  choose  structures  in  which 
a  small  plastic  deformation  does  not  affect  the 
function  of  the  equipment  or  the  structure, 
and  to  limit  the  displacement  bo  sane  allowable 
value  that  you  can  tolerate. 

Mr.  Ebrkois:  (Naval  Research  Laboratory)  Years 
ago  I  worked  on  bolts  and  you  have  a  problem; 
there  is  a  shock  fatigue  concept  and  every  time 
you  get  into  the  plastic  range  it  is  an  irreve¬ 
rsible  process.  You  can't  bring  the  material 
back  to  its  original  condition  so  even  in  bolts 
there  are  a  certain  lumber  of  shocks  to 
failure.  You  might  hove  an  initial  set  of 
.25,  later  on  you  will  get  another  shock  and 
you  add  another  .25,  and  you  get  an  accumulative 
deformation  until  the  material  breaks.  So  you 
are  going  into  another  area  and  as  the  gentle¬ 
men  before  re  said  it  is  not  a  reversible 
process  and  that  is  why  we  like  to  stay  in  tie 
elastic  range.  You  should  determine  hew  many 
shocks  a  particular  structure  can  take  before 
failure  and  I  think  it  is  a  serious  problan. 

Mr.  Butt:  That  is  true  but  there  sue  plenty  of 
applications  of  a  plastic  design  in  which  you 
can  take  advantage  of  this  tremendous  avcur.t 
of  available  strain  energy  without  ham. 
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tractor,  in  combination  with  a  12-ton  M127  tan¬ 
dem  trailer,  was  used  for  this  phase  of  the 
test  program.  Using  military  personnel  and 
equipment  considerably  reduced  research  costs 
and  assured  technical  control  of  the  field  work. 
Asa  result  of  these  tests  a  procedure  for 
testing  commercial  cargo  trucks  was  developed. 

During  July  1973,  limited  field  tests  were  ini¬ 
tiated  on  the  first  of  three  leased  commercial 
cargo  trucks;  all  field  work  was  completed  by 
April  1974.  Support  for  these  tests  was  pro¬ 
vided  by  the  US  Army  Transportation  Center 
and  Fort  Eustis.  Planning,  supervision  of 
tests,  analyses,  and  development  of  concepts 
and  application  were  performed  by  MTMCTEA 
engineers. 

The  detailed  procedure  on  how  to  determine 
the  shock  index  for  a  typical  highway  cargo 
truck  is  contained  in  this  report. 

GENERAL 

The  purpose  of  the  highway  shock  index  (SI)  is 
to  prov’de  a  means  for  selecting  highway  cargo 
vehicles  on  the  basis  of  their  "rough"  riding 
characteristics.  The  selection  is  based  not  on 
the  vehicle  configuration  but  on  the  combined 
payload  spring  rate  (K)  of  the  springs  and  tires 
on  an  axle.  SI  makos  it  possible  to  select  a 
relatively  "soft"  riding  vehicle  for  fragile  cargo 
and  thus  minimize  the  possibility  of  damage  to 
the  cargo.  The  shock  index  rating  system 
applies  to  restrained  cargo  only. 

The  shock  index  for  a  cargo  vehicle  should  be 
representative  of  the  roughest  ride  area  on  the 
truck  cargo  bed.  Previous  tests  have  shown, 
and  recent  tests  have  confirmed,  that  for  nor- 
rml  operating  conditions  the  roughest  ride  on  a 
truck  cargo  bed  is  found  over  the  rear  axle  for 
a  two-axle  cargo  truck;  or,  for  a  truck-tractor 
semitrailer  combination,  either  near  the  rear 
axle  of  the  trailer  or  over  the  fifth  wheel  of 
the  truck-tractor  depending  on  which  axle  has 
the  higher  payload  spring  rate. 

Under  normal  operating  conditions  maximum 
shocks  on  the  cargo  bed  will  occur  in  the  verti¬ 
cal  direction;  and,  based  on  extensive  tests  by 
MTMCTEA  and  other  organizations,  a  maxir 
mum  shock  of  lOg's  is  considered  reasonable 
for  a  very  rough  road  surface.  Consequently, 
the  highway  shock  index  is  based  on  a  scale  of 
0  to  lOg's.  The  numerical  values  of  shock  in¬ 
dex  vary  from  5  to  0,  with  5  corresponding  to 
Og,  representing  the  softest  "ride. " 

The  deadweight  of  the  vehicle  is  not  involved 
in  the  determination  of  shock  index;  the  un¬ 


loaded  weight  of  the  vehicle  is  already  in  place 
and  therefore  is  not  involved  in  the  determina¬ 
tion  of  the  payload  spring  rate.  The  tests 
have  shown  that  of  the  three  major  variables; 
percent  maximum  payload,  tire  pressure,  and 
speed,  percent  maximum  payload  hat  a  major 
effect  on  shock  index  whereas  tire  pressure  in 
the  practical  range  and  speed  causes  relatively 
minor  changes. 

Since  percent  maximum  payload  has  the  most 
effect  on  the  "ride"  on  the  truck  cargo  bed,  a 
graph  relating  the  payload  axle  spring  rate, 
axle  payload,  and  shock  index  was  developed 
(Fig.  1).  In  order  to  develop  the  graph,  tests 
were  conducted  on  a  range  of  cargo  vehicles. 
The  payload  capability  of  these  vehicles  varied 
from  13, 000  pounds  on  a  two-axle  truck;  to 
24, 000  pounds  on  a  two-axle  truck-tractor, 
single-axle  trailer  combination;  to  40, 000 
pounds  on  a  three-axle  truck-tractor,  two-axle 
semitrailer  combination. 

The  vehicles  were  instrumented  to  measure 
shock  on  the  cargo  bed  and  were  driven  over 
fixed,  unyielding  bumps  at  various  speeds  at 
different  tire  pressures,  and  with  different 
payloads. 

The  repeatability  of  data  measurements  re¬ 
corded  on  the  test  course  was  satisfactory  in 
spite  of  the  many  variables  that  affect  a  dy¬ 
namic  test  of  this  type.  Approximately  80  per¬ 
cent  of  all  data  recorded  over  the  axles  of  the 
trucks  were  used  in  the  preparation  of  the 
graph  and  table. 

SHOCK  INDEX  GRAPH 

When  shock  to  the  cargo  is  of  concern  the 
following  conclusions  can  be  drawn,  based  on 
the  graph  (see  Fig.  1). 

As  axle  payload  is  increased  from  zero  the 
shock  index  increased,  providing  a  softer  ride, 
to  some  optimum  load  for  the  vehicle.  The 
dashed  lines  on  the  graph  indicate  a  trend 
reversal,  where  increasing  the  axle  payload 
causes  a  decrease  in  shock  index,  providing  a 
progressively  rougher  ride.  There  is  an  opti¬ 
mum  payload  for  all  vehicles  that  will  provide 
the  softest  ride  for  the  cargo.  This  optimum 
load  can  be  readily  selected  from  the  graph 
when  tiis  combined  axle  payload  spring  rates 
for  the  vehicle  are  known. 

High,  erratic  shock  values  are  most  likely  to 
occur  with  very  light  or  maximum  payloads 
since  at  light  loads  the  vehicle  springs  are 
relatively  stiff  and  at  very  heavy  loads 
"bottoming  out"  of  the  springs  may  occur.  The 
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PACKAGING  AND  SHIPPING 


HIGHWAY  SHOCK  INDEX  (SI) 
PROCEDURE  FOR  DETERMINING  SI 


John  H.  Grier 

Military  Traffic  Management  Command 
Transportation  Engineering  Agency 
Newport  News,  Virginia  23606 


The  Army,  Navy,  Air  Force,  and  Marina  Corps  have  jointly  spa-ore  it 
and  participated  In  the  development  of  a  Shock  Index  (SI)  for 
transportation.  A  numerical  SI,  associated  with  a  particular  vehicle- 
load  combination,  can  now  be  determined  at  a  low  cost  by  sppltrstlon 
of  simple  static  field  measurements.  The  SI  provides  classification 
for  vehicle-load  combination  as  regards  probability  of  shocks  tinea  - 
mltted  to  the  cargo  during  highway  shipments. 


INTRODUCTION 

In  1967  representatives  of  the  United  States 
Army,  Navy,  Air  Force,  and  Marine  Corps 
agreed  that  it  should  be  possible  to  establish 
shock  indices  that  would  be  representative  of 
the  cargo  environment  for  the  various  trans¬ 
port  modes.  The  Services  formed  a  Steering 
Committee  to  Initiate  and  guide  the  develop¬ 
ment  of  a  highway  shock  index.  The  highway 
mode  was  selected  because  of  the  relative  ease 
in  controlling  the  environment  and  related 
variables. 

A  s  an  initial  step  the  Steering  end  Advisory 
Committee  let  a  $53,  000  contract  to  General 
Testing,  Inc.,  Springfield,  Virginia,  to  deter- 
rrine  and  develop  a  shock  index  equation  that 
could  be  used  to  classify  highway  cargo  vehi¬ 
cles  in  terms  of  vehicle  shock  to  the  cargo.  In 
addition,  and  in  conjunction  with  the  General 
Testing,  Inc.,  contract,  a  second  $13,000  con¬ 
tract  was  let  by  the  joint  services  committee 
to  J.  A.  Johnson,  Inc. ,  Short  Hills,  New 
Jersey,  an  independent  testing  organization, 
to  check  and  verify  the  General  Testing,  Inc., 
project  objective.  General  Testing,  Inc.,  ran 
a  comprehensive  group  of  static  and  dynamic 
shock  evaluation  tests  using  five  classes  of 
cargo  trucks. 

General  Testing,  Inc.,  laboratories  released 
their  final  report,  Development  of  a  Shock 
Index  Classification  for  Highway  Cargo 
Vehicles ,  dated  1^  April  1971.  As  described 


in  the  report  "a  set  of  asmlamplrical  rela¬ 
tionships  have  been  developed  to  equate  the 
performance  of  the  vehicle/cargo  with  the 
significant  variables  affsctiug  the  ride. "  Con¬ 
clusions,  as  presented  by  Gsas.-tl  Testing, 

Inc. ,  are  that  "the  SI  eqaaHow  developed  under 
this  contract  is  the  result  of  an  approach  to  a 
complex  problem.  In  short,  this  work  is  not 
the  ultimate  answer  to  the  problem  of  cargo 
ride;  instead,  it  repressers  a  foundation  on 
which  to  build  a  firm  eat  of  requirements  for 
the  safe  transportability  of  all  cargo. " 

The  bulk  of  General  Testing.  Inc.,  work  con¬ 
cerned  a  controlled  laboratory  teat  arrange¬ 
ment.  J.A.  Johnson,  be.,  was  tasked  to  vali¬ 
date  the  feasibility  of  tbs  General  Testing 
classification  procedure  and  test  on  public 
roads  to  establish  the  accuracy  of  method  in  a 
practical  over-the-road  environment. 

Johnson's  work  concluded  that  a  shock  index 
classification  is  both  feasible  and  needed  by  the 
military  community,  bat  that  more  engineering 
expertise  is  required  to  improve  accuracy 
prior  to  adoption  of  the  classification 
procedure. 

Accordingly,  Military  Traffic  Management 
Command  Transportation  Engineering  Agency 
(MTMCTEA)  initiated  a  comprehensive  shock 
index  field  test  program  using  Fort  Euetis 
facilities,  military  equipment,  and  personnel  to 
aseiet  in  obtaining  program  objectives  by  de¬ 
veloping  a  practical  test  to  obtain  usable  im¬ 
pact  data.  A  military  5-ton  M52  tandem 
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moat  arratic  reaulta  will  occur  over  the  fifth 
wheel  area  due  to  the  concentration  of  load  at 
the  kingpin. 

The  graph  indicatee  that  for  a  relatively  eoft 
ride  the  vehicle  payload  axle  apring  rate  ehould 
be  about  7, 000  pounda  per  inch.  For  thie  con  - 
dition  for  an  axle  payload  of  3, 000  pounda,  the 
cargo  would  moat  likely  not  be  subject sd  to  a 
ahock  of  over  2g'a,  and  the  ahock  index  rating 
for  the  vehicle  would  be  about  4. 1. 

For  a  vehicle  payload  axle  apring  rate  of  10, 000 
pounda  per  inch  the  maximum  expected  ahock 
to  the  cargo  ahould  not  exceed  about  4g'a,  for 
axle  payloada  of  3,000  to  9,000  pounda.  Thia 
vehicle  would  have  a  ahock  index  of  about  3. 

For  a  vehicle  payload  axle  apring  rate  of  13, 000 
pounda  per  inch  the  maximum  expected  ahock 
to  the  cargo  ahould  not  exceed  about  6g'a  for 
axle  payloada  of  3, 000  to  9, 000  pounda.  Thia 
vehicle  would  have  a  ahock  Index  of  about  2. 4. 

For  all  rangea  of  payload,  due  to  the  many 
variablee,  dynamic  behavior,  and  variable  en¬ 
vironment  aaaociated  with  the  vehicle-road 
relationahip,  aome  radical,  inexplicable  ahock 
valuea  will  occur.  In  the  teat  leading  to  the 
development  of  the  graph  approximately  20  per¬ 
cent  of  the  recorded  valuea  fall  within  thia 
category  and  were  accordingly  dlecarded. 

PROCEDURE  FOR  DETERMINING  SHOCK 
INDEX 

The  procedure  for  eetimating  SI  for  a  apeciflc 
cargo  truck  involvea  two  atepa.  Firat,  it  in¬ 
volve  a  loading  and  unloading  the  truck  and  tak¬ 
ing  meaaurementa  on  how  much  the  cargo  bed 
deflecte  under  one -half  and  full  payload. 
Secondly,  it  ia  neceaaary  to  know  the  payload 
axle  load.  Thia  can  be  determined  on  a  aet  of 
portable  acalea  or  by  calculation.  It  ia  necea¬ 
aary  that  thia  information  be  obtained  by  phyai- 
cal  meaaurementa  becauae  of  the  high  variable 
internal  friction  in  leaf  apringa,  variable  stiff  - 
neaa  in  tire  eidewalla,  and  general  conatruc- 
tion  of  the  overall  auspenaion  ayatem  of  the 
vehicle.  Alao,  correlation  between  the  manu- 
facturer'a  apring  rate  for  a  leaf  apring  of  a 
vehicle  cannot  be  made  with  the  Inatalled 
apring,  becauae  in  the  manufacturer' a  teat  pro¬ 
cedure,  the  teat  ia  performed  without  center 
clampa  and  ahacklee,  and  the  apring  enda  are 
mounted  on  rollera  ao  that  they  are  free  to 
move.  {Reference  SAE  Standard  Leaf  Springe 
for  Motor  Vehicle  Suapenaion,  SAEJS102.) 

When  the  SI  for  a  apeciflc  make  and  model  of 
truck  haa  been  determined,  It  ahould  apply  to 
othera  of  the  aame  make  and  model,  with  the 


aunt  type  apringa  and  tiree. 

1.  Required  Information: 

a.  Vertical  deflection  at  one-half  and  full 
payload  of  truck  bed  at  rear  axle(a)  and / or  at 
rear  axle(s)  of  truck-tractor  if  the  vehicle  ia  a 
truck-tractor  aemitrailer  combination. 

b.  Payload  axle  load  cauelng  the  vertical 
deflectiona. 

2.  Determination  of  combined  (apringa  and 
tiraa)  vertical  deflection  at  an  axle(a). 

a.  Check  tire  air  preaaure,  adjuat  to 
operating  preaaure. 

b.  Position  axle(a)  on  acalea;  or,  if  acalea 
not  available,  on  a  uniformly  amooth,  level, 
unyielding  aurface.  Vehicle  unloaded. 

c.  Accurately  meaeure  the  height  of  the 
cargo  bed  on  each  aide  of  the  truck  at  the 
axle(s).  If  vehicle  ia  on  acalea,  note  unloaded 
axle  (a)  load. 

d.  Uae  dummy  concentrated  weighta,  if 
available,  to  almulata  axle(a)  payload.  Load 
with  center  of  gravity  directly  over  axle  for 
aingle-axla  vehicles  or  midway  between  tandem 
axles.  If  concentrated  weights  are  not  avail¬ 
able,  uae  available  homogeneous  weights  and 
uniformly  load  truck  bed.  Accurately  measure 
the  height  of  the  cargo  bed  on  each  aide  of  the 
truck  at  the  axle(a)  (Fig.  2).  The  truck  should 


be  loaded  and  unloaded  several  times  and  an 
average  deflection  determined,  both  at  one- 
half  and  full  payload. 


e.  In  order  to  obtain  accurate  average 
deflectiona  proceed  as  follows: 

(1)  Fully  load  the  truck;  measure  truck  bed 
height  at  full  load. 

(2)  Unload  to  one-half  full  load;  measure 
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TABLE  1 
SHOCK  INDEX 


6.  5 

7 

7.  5 

- 1 

8_ 

3.  5 

0 

1.85 

1.85 

1.80 

i 

1.80  1.75 

1 

3.40 

3.30 

3.20 

3.10  3.00 

2 

4.00 

3.85 

3.75 

3 . 60  j3 . 50 

3 

4.20 

4.05 

3.95 

3,85:3.75 

4 

4.25 

4.15 

4.05 

3 . 95  i3 . 90 

,  5 

4.30 

4.20 

4.10 

4.053.95 

6 

4.354.25 
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7 

4.15(4.05 
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1  8 

4.00:3.90 

3.80 
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3.65 
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3.00 
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3.15(3.00 
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the  roughest  expected  rid*  on  the  cargo  bed. 

The  shock  Index  can  be  obtained,  at  the  same 
time,  for  all  axle  payloads  from  0  to  12, 000 
pounds.  It  need  be  determined  only  once  for 
vehicles  of  the  same  make  and  model,  with  the 
same  type  springs  and  tires. 

To  use  Table  1,  use  the  K  in  the  table  that  moat 
nearly  corresponds  numerically  to  the  K  deter¬ 
mined  by  physical  measurement.  The  maximtm 
error  in  SI  due  to  using  the  table  will  be  0.625; 
in  most  cases,  the  error  will  be  considerably 
leas.  The  SI  for  each  axle  (if  the  vehicle  is  a 
truck-tractor,  semitrailer  combination)  should 
be  checked  and  lower  of  the  numerical  values 
should  be  used  for  SI. 

6.  For  example,  determine  the  SI  for  a  two- 
axle  truck-tractor  single-axle  semitrailer 
combination.  Payload  axle  loads  for  the  rear 
axle  of  the  tractor  and  trailer  axle  are  to  be 
10,  000  pounds  each. 

The  truck  was  loaded  to  one-half  and  full  pay- 
load  and  deflections  were  measured.  Scales 
were  used  to  determine  the  payloadaxle  load 
on  each  axle.  The  following  data-Were  obtained 
on  the  trailer  axle; 

Full  payload  axle  load  -  12, 288  lb 

One-half  payloadaxle  load  -  6,123  lb 

Average  deflection  at  full 
payload  -  1.  1 27  in. 


K 


12,288  -  6,123 
LU7  -  0.687 


14, 000  lb/in. 


Enter  Fig.  1  with  K;  go  vertically  to  payload 
axle  load  that  truck  is  to  transport  (10,  000 
pounds);  horiaontally  to  read  shock  index, 
which  ie  1.  52  for  a  K  of  14,  000  pounds  and  pay- 
load  axle  load  of  10, 000  pounds.  SI  from  Table 
1  Is  1.  50. 


This  procedure  should  be  used  also  on  the 
rear  axle  of  the  truck -tractor  and  the  lower  of 
the  two  Si's  used  as  the  SI  for  that  truck  (with 
10, 000 -pound  payload  axle  loads).  The  SI  for 
all  other  payload  axle  loads  can  be  determined 
directly  from  the  graph  or  table  using  the 
value  of  K  for  the  truck,  since  K  is  indepen¬ 
dent  of  the  payload. 


Average  deflection  at  one- 
half  payload 


0. 687  in. 


truck  bad  height. 

(3)  Unload  truck;  measure  truck  bod 
height. 

(4)  Place  one -half  full  load  on  truck; 
naaiure  truck  bed  height. 

(5)  Place  full  load  on  truck;  meaiure  truck 
bed  height. 

(6)  Repeat  above  cycle  S  time*  for  a  total 
of  10  meaeurementa. 

(?)  Accuracy  of  meaaurements  ahould  be 
within  one -thirty- a econd  of  an  Inch. 

3.  Determination  on  payload  par  axle  at  one- 
half  and  full  payload. 

a.  If  vehicle  la  on  acalea.  read  recorded 
weight,  eubtract  axle(a)  unloaded  weight;  and. 
If  tandem  axles,  divide  by  2. 

b.  If  acalea  are  not  available,  uae  one  of 
the  following  equations  to  determine  the  aingle 
axle  payload  at  one -half  and  full  payload 
(Fig.  3). 


K  *  combined  payload  sp  ring  rate  (lb/in.) 

Pf  *  full  payload  axle  toad  (lb) 

Pjy2  *  one-half  payload  axle  load  (lb) 

Df  *  average  deflection  at  full  payload  (In.) 
Dy,  *  average  deflection  at  one-half  payload 

(in.) 

K  - 

Df  -Dy2 

5.  Determination  of  Shock  Index. 

Now  that  K  has  been  determined  for  the  axle(a) 
the  SI  can  be  read  directly  from  the  graph 
(Fig.  1)  or  Table  1.  The  moot  accurate  read¬ 
ing  can  be  obtained  by  ualag  the  graph  since  a 
table  must  be  made  up  based  on  some  arbitrary 
Interval  of  K.  An  Interval  of  S00  pounds  per 
Inch  Is  ussd  for  Tabls  L 

To  uas  graph,  antsr  the  graph  with  K  on  hori¬ 
zontal  scale,  go  vertically  to  axle  payload  for 
trip,  horliontally  to  read  shock  index.  The 
shock  Index  for  each  axle  should  be  checked 


If  •  PIMM  M  cl«  R| 

IUI  IMIS)  *1  *  jTii  l»  *  JPij 


Fig.  3  -  Axle  Payloads 

4.  Determination  of  combined  payload  spring  and  the  lower  of  the  numerical  values  should 

rate  (K)  for  axle(s).  be  ussd  for  shock  index;  this  will  represent 
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rig.  1  •  Typical  Teat  Configuration 


Forklift  trucka:  Four  types  of 
forklift  trucks  were  utilised.  They 
differed  in  capacity,  motive  power, 
and  tire  type.  The  four  vehicles 
are  pictured,  from  left  to  right,  in 
Figure  2  in  the  order  given  in  Table  1, 


TABLE  1 

Types  of  Forklift  Trucks  ^ployed 


Capacity 

(lb) 

Power 

Tires 

7000 

Gasoline 

Pneumatic 

4000 

Gasoline 

Pneumatic 

3000 

Gasoline 

Solid 

2000 

Electric 

Solid 

Fig.  2  -  The  Forklift  Trucks 


Two  characteristics  of  the  fork¬ 
lift  truck  should  be  borne  in  mind 
during  examination  of  the  results  of 
the  work.  The  engine  or  motor  is  rear 
mounted  and  is  surrounded  by  a  massive 
shield  which  acts  as  a  counterbalance 
for  the  load  on  the  forks.  In  the 
higher  capacity  lifts,  the  shield  is  a 
heavy  casting;  in  the  smaller  models, 
steel  plate  is  used  for  the  same  purpose. 
The  second  noteworthy  characteristic  is 
found  in  the  forks  themselves.  They  are 
attached  loosely  to  their  supports  to 
permit  adjustment  to  fit  the  load.  The 
fork  supports,  in  turn,  fit  loosely  on 
tha  vertical  channel  to  permit  them  to 
move  freely.  Thus,  the  load  is 
supported  by  a  loosely  coupled  system. 
The  load  also  is  coupled  to  the  forks 
loosely. 

Load;  A  simulated  bomb  shape  was 
used  as  the  load  throughout  the  program. 
The  shape  was  mounted  on  a  storage  and 
handling  fixture.  The  assembly  is  shown 
in  Figure  3.  The  load  assembly  weighed 
900  pounds. 


Fig.  3  -  The  Assembled  Load 


Instrumentation;  Preliminary  work 
had  shown  that  during  passage  over  very 
smooth  pavement  the  excitation  from  the 
forks  was  low  in  amplitude,  but  when 
the  surface  being  traversed  was  rough, 
amplitudes  were  nigh.  In  order  to  meas¬ 
ure  both  levels,  it  was  necessary  to  use 
two  sets  of  accelerometers.  One  set  was 
of  Endevco  2220  types  calibrated  at  50g 
peak  to  peak;  the  other  set  was  of 
Endevco  2223M5A  types  calibrated  at  lOg 
peak  to  peak.  The  accelerometers  were 
mounted  on  opposite  faces  of  the  aft 
bulkhead  of  the  handling  fixture.  TWo 
sets  of  accelerometers  are  shown  in 
Figure  4.  Data  from  the  upper  set, 
mounted  on  the  skin  of  the  bomb  shape, 
are  not  considered  in  this  paper  since 
they  are  peculiar  to  the  shape.  Only 
the  data  measured  by  the  set  on  the 
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THE  DYNAMIC  ENVIRONMENT  ON  FOUR  INDUSTRIAL  FORKLIFT  TRUCKS* 


Mark  B.  Gena 
Sandia  Laboratories 
Albuquerque ,  New  Mexico  87115 


The  purpose  of  this  study  was  to  deteralce  the  dynatlc 
Input  to  cargo  during  carriage  on  various  types  of  forklift 
trucks.  Anong  the  variations  examined  ware  trucks  with 
capacities  of  2000,  3000,  4000,  and  7000  pounds;  trucks  with 
pneunatlc  and  with  solid  tires;  and  trucks  powered  by  gaso¬ 
line  engines  and  by  electric  motors. 

The  cargo  used  as  a  simulated  bomb  shape  mounted  on  a 
cradla-llke  rack  which  la  used  to  transport  and  handle  wea¬ 
pons.  It  was  found  that  there  was  little  steady-state 
continuous  excitation  transmitted-  through  the  forks  to  the 
load.  Many  discrete  excitations  were  present.  Data  reduc¬ 
tion  In  the  form  of  shock  response  spectra  showed  responses 
up  to  lOg  In  amplitude  below  20  Hz  and  up  to  40g  at  100  Hz. 


INTRODUCTION 

The  transportation  of  components, 
assemblies,  and  packages  by  forklift 
truck  Is  Inherent  in  almost  all  phases 
of  manufacture,  transport,  handling, 
and  storage.  The  forklift  truck  Is 
employed  In:  (1)  moving  material  and 
equipment  during  manufacture,  (2) 
removing  completed  assemblies  and 
packages  to  transportation  points ,  (3) 
loading  cargo  into  rail  cars,  trucks, 
or  aircraft,  14)  unloading  cargo  at 
destination,  (5)  warehousing  cargo, 
and  (6)  moving  cargo  to  point  of  use. 
The  environment  produced  by  such  trans¬ 
port  has  not  been  defined.  It  was  the 
purpose  of  this  study  to  sample  the 
dynamic  environment  experienced  by 
cargo  during  transport  by  forklift 
truck  and,  by  analyses  of  the  data, 
develop  a  definition  of  the  environ¬ 
ment.  Since  this  was  pioneering  work, 
the  resulting  definition  Is  preliminary 
in  nature  and  Is  subject  to  future 
modification. 

The  program  was  funded  sad  con¬ 
ducted  jointly  by  the  Air  Force  Weapons 
Lsborstory,  Kirtland  Air  Force  Base, 

Mew  Mexico,  snd  by  Ssndls  Laboratories , 


Albuquerque,  New  Mexico.  It  Is  one 
phase  of  a  larger  program  which  will 
provide  definition  of  the  environment 
experienced  by  cargo  during  handling 
by  a  variety  of  mechanical  equipment. 
Program  management  Is  by  the  Environ¬ 
mental  Criteria  Group,  Sandia 
Laboratories.  Air  Force  participation 
in  this  phase  was  limited  to  funding. 

The  phase  of  the  program  to  be 
reported  here  considers  only  the  types 
of  forklift  trucks  In  general  use 
throughout  industry.  It  Is  limited  to 
four  specific  trucks  during  outdoor  use. 

TEST  CONFIGURATION 

The  test  configuration  consisted 
of  a  forklift  truck,  a  load,  and  the 
necessary  instrumentation.  A  typical 
assembly  Is  shewn  In  Figure  1. 


*This  work  was  supported  in  part  by  the 
Air  Force  Weapons  Laboratory  through 
Contract  PD73-246  with  the  AEC,  and  in 
part  by  the  AEC. 
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Fig.  7  -  Typical  Pa*  Distribution  Record,  3000  lb  Capacity  Forklift 


bulk ha ad  ware  considered  aa  input  from 
the  forks  and,  therefore,  of  general 
Interest. 

The  recording  equipment  consisted 
of  an  Annex  CP100  tape  recorder  and 
Endevco  2640M5  charge  mopliflers. 

Power  waa  supplied  by  a  portable  motor 
generator.  These  were  placed  in  a  two- 
wheel  trailer  which  was  tewed  by  the 
lift  truck.  The  operator  also  rode  the 
trailer  to  monitor  and  to  record  events 
on  the  voice  track.  Figure  S  shows  the 
trailer  and  contents. 

The  lnstrusentation  system  waa 
validated  in  the  laboratory.  The  bomb 
ahape  in  ita  handling  cradle,  lesa 
caaters,  was  mounted  on  a  shaker  with  a 
capacity  of  17,500  lb  (Figure  6).  Zn 
addition  to  the  accelerometers  mounted 
on  the  test  load,  laboratory  instruments 
were  mounted  to  measure  essentially  the 
same  excitation.  The  laboratory  accel¬ 
erometers  ward  monitored  by  the  test 
instruments.  The  data  obtained  were 
plotted  on  an  X-Y  plotter.  The  results 
were  similar  enough  to  lead  to  the  con¬ 
clusion  that  the  teat  instrumentation 
was  providing  valid  data  [1]. 

TEST  PLAN 

A  test  course  waa  laid  out  which 
Included  paved  end  unpaved  areas  as 
well  aa  a  set  of  railroad  tracks.  The 
paved  areas  Included  asphalt  streets 
with  manhole  covers  and  metal  utility 
trench  covers,  and  concrete  aprons  and 
driveways.  Some  of  the  paving  waa 
relatively  new  and  smooth,  while  some 
was  older  and  deteriorated.  The  unpaved 
area  waa  not  maintained  as  a  driving 
surface.  It  included  some  concrete 
sidewalks  which  were  elevated  about  an 
inch  above  the  surface. 

The  forklift  operators  were  exper¬ 
ienced.  They  were  instructed  to  drive 
at  the  highest  speed  consistent  with 
retaining  the  load  on  the  forks.  In 
general,  the  speeds  chosen  were  less 
than  10  miles  per  hour.  Much  of  the 
time  it  was  5  miles  per  hour  or  less. 

DATA  REDUCTION 

The  first  step  in  data  reduction 
waa  to  produce  an  oscillograph  record 
from  the  magnetic  tape.  From  this 
record,  specific  time  fraaes  were 
chosen  to  be  treated  further.  The 
excitation  which  appeared  to  be  contin¬ 
uous  in  nature  waa  reduced  as  a  peak 
density  distribution  display.  Tne 
excitation  which  appeared  to  be  diserdw 
and  intermittent  was  reduced  in  the  form 
of  response  spectra. 


Fig.  5  -  The  Instrumentation  Trailer 


Fig.  6  -  Instrumentation  Test 
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Fig.  9a 

2000  lb  Capacity  Forklift  Truck 


*•  W* 

Ft  Mo— ay  (■*) 

Fig.  9b 

7000  lb  Capacity  Forklift  Truck 


Fig.  9  -  Envelopes  of  Forklift  kesponae  of  High  Amplitude  Discrete  Excitation 
Measured  at  the  Base  of  the  Handling  Cradle  (Duping  -  .03) 
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RESULTS 


C«n»r»l:  The  axis  designations 
used  u  the data  displays  are  relative 
to  the  axea  of  the  for lift  truck. 


Continuous  Excitation:  Peak  den¬ 
sity  distribution  reduction*  were  aade 
of  record*  which  appeared  to  ahow 
eontlnuoua  excitation  [2].  Figure  7 
ahow*  a  typical  exaatpla  of  such  a 
record.  It  represents  the  data  taken 
when  the  load  was  carried  on  the  3000 
lb  capacity  forklift  truck  along  a 

food  asphalt  surface  at  approximately 
■ilea  per  hour. 


At  first  (lance,  the  peak  density 
distribution  record  appears  to  be  a 
noraal  one  of  low  aplltuda  excitation, 
however,  a  closer  examination  reveals 
seam  anomalies.  In  continuous  excita¬ 
tion,  the  number  of  peaks  counted 
increases  in  proportion  to  frequency. 
Since  tine  remains  constant,  there  will 
be  approximately  10  times  aa  a  any  peaks 
at  100  He  as  at  10  He.  The  smallest 
count  will  appear  in  the  left  hand 
column  (0-20  He)  and  the  largest  peak 
count  in  the  right  hand  coluon  (1900- 
2300  He) ,  with  a  progression  between 
the  two.  Here,  that  is  not  true. 
Several  frequency  bands  have  a  lower 
peak  count  than  found  in  the  band  of 
lowest  frequency.  The  peak  count 
increases  until  80  Hz  la  reached,  then 
diminishes,  rises  again  in  the  240-330 
He  band,  and  continues  to  rise  and  fall 
throughout  the  spectrum. 


In  looking  at  a  specific  frequency 
band,  one  would  expect,  were  the  excita¬ 
tion  eontlnuoua,  that  the  relationship 
of  peak  count  to  frequency  night  be 

expressed  as: 


Hp  -  (2f)  (t) 


where 


Up  -  number  of  peaks 

2f  -  number  of  peaks  per  cycle 
t  “  time  of  i-cord  in  seconds 


Wnen  this  relationship  is  applied 
to  the  300-700  Hz  frequency  band,  using 
600  He  as  the  mean  frequency, 

■p  -  2(600) (5)  -  6000.  In  our  example, 
we  find  68  peaks  in  the  frequency  band. 
These  two  examples  indicate  the  absence 
of  continuous  excitation. 

Aa  further  analysis  to  determine 
the  true  nature  of  the  excitation  which 
appeared  to  be  continual*  on  the 
oscillograph  record,  a  3  second  record 


of  the  smse  event  shown  in  Figure  7  was 
submitted  to  bandpeas  analysis.  A 
typical  display  of  tha  results  of  this 
effort  is  given  in  Figure  8.  This 
display  shows  that  the  excitation  is 
largely  low  amplitude  pulses  which  are 
discrete  in  nature.  Examination  of 
other  frequency  bands  shews  that  some 
pulses  have  pedes  as  high  a*  0.7g  In 
frequencies  below  15  Hz.  In  the  higher 
frequencies,  peaks  rarely  exceed  O.lg 
and  usually  are  below  0.05g. 


r.tr*  — ■ 


The  absence  of  an  incremental  pro¬ 
gression  in  the  number  of  peaks  across 
the  spectrum,  the  few  number  of  peaks 
in  some  of  the  higher  frequency  bands, 
tha  pulse-like  character  of  the  excita¬ 
tion,  and  the  very  low  «plltudes 
indicate  the  absence  of  any  significant 
continuous  broad  band  random  excitation 
in  the  forklift  environment,  regardless 
of  the  type  of  motive  pnrer. 

Discrete  Bkcltation:  The  presence 
of  discrete  excitation  in  the  forklift 
environment  is  very  apparent.  Examina¬ 
tion  of  the  oscillograph  records  show 
frequency  high  amplitude  bursts  super¬ 
imposed  on  the  low  amplitude  background. 
These  data  were  reduced  in  the  form  of 
response  spectra.  These  spectra  were 
summarized  in  two  ways  to  show  the  maxi¬ 
mum  accelerations  for  each  type  of 
forklift  truck  and  to  show  a  summary  of 
all  spectra  as  an  Indication  of  the 
environment  which  nay  be  encountered  by 
cargo. 


Figure  9  shows  envelopes  of 
response  spectra  In  each  axis  for  each 
of  the  forklifts  used.  These  spectra 
reveal  one  common  characteristic:  In 
the  frequencies  below  10  Hz,  the  verti¬ 
cal  axis  is  dominant  and  has  high 
amplitudes  ranging  from  8  to  lOg.  In 
three  cases,  there  is  a  prominent 
"hump"  in  the  3  to  5  Hz  region.  In  the 
fourth  record  (Figure  9b),  the  "hump" 
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la  prasanc  but  la  overshadowed  by  a 
higher  amplitude  prominence  at  7  to  8 
Hz.  Above  10  Hz,  axla  domination  varlea. 
Measurement*  made  on  the  3000  lb  and 
4000  lb  forklift  trucka  (Figure*  9c  and 
9d)  a how  the  tranaverae  axla  to  be 
dominant,  while  In  the  other  two  caaaa, 
the  vertical  axla  dominate*  throughout 
the  apactrua.  The  higheat  raaponae 
amplitude  found  waa  37g  in  the  trana- 
varse  axla  on  the  3000  lb  capacity  truck 
at  100  Hz. 


Coaparlaon  between  the  a a  envelope* 
indicate*  that  of  the  phyeical  variables, 
between  the  four  vehicles,  the  one  which 
appears  to  have  the  greatest  influence 
on  the  smoothness  of  ride  la  the  ratio 
between  the  capacity  of  the  vehicle  and 
the  weight  of  the  load.  The  truck  which 
was  loaded  moat  heavily  (2000  lb  capac¬ 
ity,  Figure  9a)  had  tha  smoothest  ride. 
Mo  response  amplitudes  ware  higher  than 
8g.  The  truck  which  was  loaded  most 
lightly  (7000  lb  capacity.  Figure  9b) 
had  response  aaplitudea  that  were  higher 
than  lOg  In  only  a  few  fre<|uancias. 
Conversely,  the  vehicles  which  were 
loaded  at  25  to  30  percent  of  capacity 
(3000  and  4000  lb  capacity.  Figures  9c 
and  9d)  had  response  amplitudes  above 
lOg  in  all  frequencies  above  IS  Hz. 

There  was  no  evidence  that  tha  type 
of  tire  Involved  had  any  Influence  on 
the  dynamic  environment .  The  2000  end 
3000  lb  capacity  trucks  both  had  solid 
tires,  yet  the  response  spectra  were 
very  different  In  shape  and  Mplitude 
(Figures  9a  and  9c).  On  the  other  hand, 
the  3000  and  4000  lb  capacity  trucks 
exhibited  response  spectra  which  were 
very  similar,  and  the  latter  had 
pneumatic  tires  (Figures  9c  and  9d). 


Forty-eight  response  spectra  were 
produced  for  the  purpose  of  analysis 
of  the  forklift  environment.  In  order 
to  provide  a  single  representation  of 
the  environment,  these  were  combined  by 
computer.  The  program  operates  with 
the  coordinates  from  which  tha  individ¬ 
ual  spectra  are  plotted.  It  calculates 
the  mean,  standard  deviation,  and  high¬ 
est  value  for  each  frequency  of  the  200 
points  used  to  produce  response  spectra. 
It  then  plots  in  mean,  mean  plus  3 
standard  deviation,  and  the  highest 
value  for  each  point.  Figure  10  shows 
the  results  of  this  manipulation. 


The  summarized  response  spectra  in 
Figure  10  are  shown  by  axis.  The  longi¬ 
tudinal  and  vertical  records  show  a 
close  correspondence  between  the  maximum 
values  and  the  -man  plus  3  standard 
deviation  (3  S.D.)  values.  In  the 
transverse  axis,  however,  tha  curve  of 


maximum  valuas  lias  above  that  of  the 
3  S.D.  level.  At  100  Hz,  the  difference 
is  15g.  This  n ay  be  Interpreted  to  mean 
that  while  most  of  the  responses  in  the 
transverse  direction  lie  at  or  below  the 
3  S.D.  level,  the  lurching  of  the  fork¬ 
lift  truck  when  traversing  uneven 
surfaces  can  causa  responses  above  that 
level  often  enough  to  he  significant. 

These  suammries  show  once  again 
that  the  highest  amplitudes  in  the  fre¬ 
quencies  lower  than  10  Hz  are  in  the 
vertical  axis.  In  the  transverse  and 
vertical  axes,  tbs  3  S.D.  level  reaches 
or  exceeds  20g  in  the  80  to  100  Hz 
range,  while  the  highest  level  of  the 
3  S.D.  Is  18  Hz  in  the  longitudinal 
axis  at  similar  frequencies.  Responses 
above  20g  were  recorded  In  all  three 
axes  at  these  higher  frequencies. 

CONCLUSIONS 

1.  This  work  encamp  eased  measurement 
of  the  dynamic  environment  of  four 
Industrial  forklift  trucks.  It  Is 
not  yet  clear  whether  these  data 
are  typical,  since  little  other 
such  work  has  been  done. 

2.  Mo  continuous  excitation  with 
Caussian-lika  distribution  was 
found.  Thar*  is  a  background 
of  pulsating  continuous  excita¬ 
tion  of  very  low  amplitude, 
usually  leas  than  O.lg. 

3.  Discrete  excitation  la  frequent. 

4.  The  lift  truck  which  was  loaded  to 
approximately  50  percent  of  capac¬ 
ity  showed  the  least  variation  in 
response  level.  The  high  capacity 
lift  truck  loaded  to  approximately 
13  percent  of  its  capacity  showed 
relatively  low  levels  of  response 
below  20  Hz. 

5.  Responses  in  the  longitudinal  and 
transverse  axes  were  higher  when 
the  lift  truck  was  loaded  to  20  to 
30  percent  of  capacity. 

6.  Responses  in  the  vertical  axis  were 
consistently  the  highest  in  frequen¬ 
cies  be  lew  10  Hz,  but  the  other  axes 
showed  higher  amplitude  responses  at 
frequencies  above  10  Hz. 

7.  Examination  of  the  distribution  of 
the  responses  showed  that  most  max¬ 
imum  amplitudes  ware  at  or  above 
the  mean  plus  3  standard  deviation 
levels.  In  the  longitudinal  and 
vertical  axes,  the  highest  responses 
were  at  approximately  the  same 
amplitude  as  tha  3  S.D.;  however,  in 
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The  experimental  results  presented  herein  clearly  Indicate  that 
a  statistically  significant  teaperature  effect  on  the  cushion¬ 
ing  performance  of  a  foaasd  thermoplastic  aaterlal  does,  in  fact, 
exist  and  should  thus  be  explicitly  considered  by  designers  of 
container  cushioning  systeas. 

Drop  test  data  were  collected  for  Hercules  Klnlcel  material  and 
analyzed  by:  1)  the  development  of  an  outlier  test  based  on 
the  variance  associated  with  the  three  replications  of  each  ex¬ 
perimental  condition;  2)  the  development  of  design  curves  for 
the  various  temperatures ,  drop  heights,  and  material  thicknesses 
based  upon  a  second  order  polynoaial  regression  of  the  logarithm 
of  stress  versus  deceleration  at  lapact;  3)  conducting  an  anal¬ 
ysis  of  variance  for  each  drop  height  to  determine  the  effect  of 
teaperature  differences. 
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INTRODUCTION 

Foaaed  thermoplastic  materials  are  partic¬ 
ularly  attractive  for  use  as  lightweight,  low- 
coat,  easily  fabricated  cushioning  systeas  In 
shipping  containers.  However,  foaaed  aaterlals 
have  been  used  In  military  containers  with  res¬ 
ervations,  due  primarily  to  the  difficulty  the 
container  designer  encounters  In  attempting  to 
predict  the  dynaalc  response  of  the  packaged 
ltea  when  a  container  Is  exposed  to  the  rigors 
of  worldwide  distribution.  Military  containers 
encounter  widely  varying  teaperature  extreaes 
in  worldwide  distribution.  However,  current 
design  practice  utilizing  available  dynaalc 
cushioning  curves  does  not  account  for  the 
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effect  of  temperature  other  than  the  stipu¬ 
lation  of  "safe"  teaperature  values,  due  to 
the  absence  of  teaperature  sensitive  dynaalc 
cushioning  design  curves. 

A  study  which  was  published  as  MICOM 
Report  No.  RL-TR-71-2  entitled  "A  Study  of 
I^iact  Teat  Effects  Upon  Foaaed  Plastic  Con¬ 
tainers,”  [1],  Indicates  that  teaperature  has 
a  significant  effect  upon  the  G  level  response 
of  an  item  that  Is  packaged  utilizing  a  foaa 
plastic  cushioning  system.  The  above  refer¬ 
enced  etudy  was  based  upon  a  comprehensive 
literature  search  performed  by  the  Defense 
Documentation  Center  on  container  drop  tests 
conducted  within  the  last  15  years.  Many  of 
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tha  transverse  axla ,  raaoooaaa  aa 
much  aa  lSg  higher  chan  3  S.D,  vara 
found. 

S.  Further  work  nuat  be  done  uaing  dif¬ 
ferent  loada ,  different  forklift 
truck a,  and  different  terrain  before 
concluaive  statements  can  be  made 
about  the  environment  experienced 
by  cargo  during  forklift  tranaport. 
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Mr.  Cartel:  (Kinetic  ayetaee)  X  ween't  clear 
aa  to  tha  purpose  of  tha  Shack  spectrum  vara 
these  analysed  aa  eheche  ar  vaa  this  a  steady 
vibration  or  a  tranalaet  vibration  and  If  It 
vaa  a  shock  apaetrua  did  yea  aalect  out  a 
particular  buip  out  of  the  daa  history  record 
that  vac  analysed  In  a  aback  cpectrua  net hod 
and  If  ao  vhat  about  tha  Q  Involved  In  thia 
particular  analysis? 

Mr.  Cana:  Xheaa  vara  picked  from  tha  oscillo¬ 
graph  record  aa  look lag  llha  shocks  and  vara 
analysed  aa  ahock  vitk  a  thna  history  and  shock 
roaponaa  apactrvm  type  af  analysis.  In  general 
they  vara  particular  hasps.  There  la  one 
bump  on  tha  aouthslda  af  kids-  894  that  vaa  In 
all  of  than.  Which  aaana  sacking  to  you,  but 
X  started  looking  tor  It  in  tha  records  because 
It  was  aa  characteristic.  Be  they  vara  reduced 
a a  shack  spectra  and  sane  day  there  will  be  a 
report  ant  vhlch  has  all  at  that  In  It.  Thera 
was  another  part  to  year  pass t Ian. 

Mr.  Cartel:  It  vaa  cheat  tha  Q  la  tha  ahock 
•pact run  analysis.  If  tkam  la  any  farther 
verb  being  dona  along  this  area  by  othar 
paopla  or  any  projected  aaalysla  that  vould  be 
•a  Important  atandardlsatlaa  kay  to  tha  data 
you  era  praaantlng. 

Mr.  Cana:  What  va  praaaaCad  hare  vaa  3T  deeping. 

Mr.  Cartel:  Did  you  try  tv  analyse  by  shock 
apactrun  tha  bunpa  that  adaht  arise  free  lower¬ 
ing  tha  equipment  off  tha  facfcaT  It  aatai  Ilka 
usually  thia  la  tha  situation  of  noat  concern, 
that  tha  actual  handling  af  lifting  sad  sitting 
It  down  sows  place  bacaaaa  depending  on  tha 
cars  and  skill  of  tha  ay  at  acute  these  could  ba 
hazardous  tinea  for  dalleata  equipment . 

Mr.  Cana:  They  vara  aadaaad  la  thn  auvalopaa 
but  they  didn't  contribute  vary  auch  to  than 
and  I  nantlonad  that  va  had  skilled  operators  and 
I  don't  think  that  va  gat  vhat  va  night  have 
gotten  fron  sons  others.  That's  a  guaaa. 

Voice:  You  nantlonad  aaaaahara  that  you  brought 
In  tha  angina  fron  tha  whirls  Itself,  hov  did 
tha  angina  dynamic  components  compare  vlth  tha 
actual  dynamics  of  rldlag  avar  tha  surfaces  you 
vara  traveling  out  'das  tha  angina  any  significant 
factor  In  tha  vibratloa  environment  that  you 
vara  seeing? 

Hr.  Cans:  go,  tha  aaglaa  didn't  seam  to  have 
any  particular  contributes.  Va  alvaya  a  tar  tad 
out  vlth  vhat  va  called  a  qelet  run  vhara 
everything  vaa  running  hut  tha  vehicle  vaa  not 
moving .  I  didn’t  radnea  aey  of  that.  That 
vhlch  I  did  radnea  vhlch  ah ova  tha  pulses  higher 
In  aaplltuda  at  least  aa  tha  oscillograph  record 
but  va  couldn't  find  say  evidence  of  steady 
•tata  vibration  at  all  of  tha  type  vhlch  you 
vould  aspect  from  an  aaglaa. 
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these  drop  tut  programs  war*  conducted  only  at 
anblent  temperature,  aasy  vara  ooa-ahot  taata 
with  no  repetition  or  duplication  within  tba 
tut,  and  othare  did  not  provide  a  quantitative 
naaaure  of  container  reaponu.  Conaaquantly, 
tha  reeulte  of  tba  literature  March  provided 
only  fifteen  candidate  coot a Inara  utilizing 
fonaed  pleat lc  cushioning  that  had  un dart one 
adequately  doc  wanted  drop  teat  Inf. 

In  an  attempt  to  develop  atatlatically 
eicaiflcMt  dulga  curvaa  which  coneldar  tee- 
peraturea  In  addition  to  the  claaelcal  aablent 
vnlue  (70°F),  an  experiment  waa  deelgned  to 
invutltata  tha  change  in  cuahlon  lapact 
abaorptlon  char  acta  rlat  lea  at  tha  aped  fled 
antrena  taaparatura  value  of  -65°f  and  160°F. 
The  huic  concept  of  tha  axperlaent  waa  tha 
pend  ae  that  an  actual  drop  teat  prog  ran  waa 
required  ta  eetabllah  tha  validity  of  a  tem¬ 
perature  affect  bypot baala. 

Mumin  connnunoai 

Frier  to  tha  daslgn  of  any  uporlnent,  tha 
parti neat  Influencing  fectora  upon  an  experi¬ 
mental  outcome  must  be  Identified  and  an  war- 
a ted.  Conaaquantly ,  the  Identified  fectora  la 
thla  reeurch  are  u  followa :  eeterlal  type, 
utarlal  denelty ,  drop  height,  eeterlal  thlck- 
aau,  static  stress,  and  utarlal  taaparatura. 
tha  find Inga  publlehad  In  thla  paper  are  con- 
osrnad  only  with  tha  exparluntal  drop  teat 
raeulta  on  2  lba/ft?  density  Hercules  Minlcal, 
L-200,  a  closed  call,  croee-llnkad ,  poly- 
athylana  foam.  Drop  heights  considered  ware 
12”.  IS”.  24",  and  30”.  Sanpla  utarlal  thlck- 
aaeau  utilised  were  1”,  2”,  and  3".  Static 
stress  lewele,  defined  u  tba  weight  of  the 
drop  tost  platu  divided  by  Its  footprint  in 
square  Inches  on  tha  utarlal  sanpla,  were 
selected  for  each  drop  height  baud  upon  the 
expected  location  of  the  developed  design  curve 
for  the  specific  characteristics  under  con¬ 
sideration.  Consequently ,  static  stress  levels 
are  not  uses  a  earl  ly  couon  for  all  drop  heights. 
Sued  upon  the  extrema  conditions  defined  in 
Arny  regulation  **70-38 ,  dated  July  1,  1969, 
thru  utarlal  temperature  levels  ware  Investi¬ 
gated:  -Mr,  70  F  (ambient),  end  160°F. 

Tha  MI  COM,  Bedstone  Arsenal,  Alabau  drop 
tut  facility  hu  been  certified  by  Tha  Air 
Force  Packaging  Evaluation  Agency  per  specifi¬ 
cation  HIL-C-26861 .  All  data  was  acquired  at 
this  facility  utilising  the  equips ant  shown  In 
Figures  1-3.  Figure  1  shows  tha  MIS  Vide 
tenge  Cushion  Teeter  utilised  In  the  drop  test 
program.  The  machine  consists  of  a  guided 
drop  platu  of  adjustable  wight  which  impact* 
on  the  cushion  sup  la  at  controlled  lapact 
velocities.  Deceleration  of  the  platu  during 
lapact  on  the  cuahlon  la  measured  with  an 
accelarouter  and  recorded  on  tha  Instrumen¬ 
tation  shun  In  Figure  2.  Figure  3  shows  the 
experimentation  actually  In  p rocs a a .  Atten¬ 
tion  Is  specif lcally  directed  to  the  temper¬ 
ature  controlled  chambers  In  thla  Figure.  The 
framework  of  tha  data  collection  procue  wee 


couansurate  with  tha  ewperl naaral  design  con¬ 
cept  which  follow. 


Fig.  1  -  MTS  wide 
ramgo  rmMlne  teeter 


OTOUMEttAI.  DE3ICH  C0MC1FI 

In  many  experiments  where  a  factorial 
arrange sent  la  desired,  it  asy  not  be  possible 
to  coapletely  randomize  tha  order  of  experi¬ 
mentation.  Such  la  the  case  la  thla  research 
effort. 

It  is  a  relatively  time  consuming  prouse 
to  vary  the  at  rasa  levels  daring  experiments  In 
that  for  each  strata  level,  the  drop  teat  plat¬ 
en  aust  be  changed.  Coaaeqautly,  predeter¬ 
mined  stress  levels  were  set  for  each  utarlal 
type,  density,  and  drop  height,  rad  then  thru 
replications  at  thru  thlckassus  and  three 
temperatures  ware  performed  at  each  of  tha 
levels. 

With  tha  reetrlctlou  oa  randomization 
Indicated  above,  e  split-split  plot  experl- 
untal  design  wu  determined  to  bo  superior  for 
use  la  tasting  whether  temperature  due.  In 
fact,  significantly  affect  Che  performance  of 
the  various  types  and  densities  of  cushioning 
utarlal  currently  alloyed. 

The  spllt-epllt  plot  dulga  Is  a  special¬ 
ised  fora  of  a  nested  dulga  In  which  a  aub- 
traatmant  factor  B  la  nested  within  a  uln 
treatment  A  rad  eub-tobtreatarat  C  Is  crossed 
with  A  rad  B  [2].  The  double-splitting  refers 
to  splitting  the  analysis  into  thru  sob- 
analysas : 
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TABU  1 

Analysis  of  Varlanca  on  Data  for  a  12”  Drop  Haight  * 


SODXCB  or  VAUATIOB 

SOMS  OF  SQUARES 

or 

MEAB  SQUARES 

F-STATISTIC 

PR0B.> 

St rasa  Laval 

303163.00 

16 

21636.60 

753.53 

0.00 

Baplieataa 

69.79 

2 

36.90 

— 

— 

Error  (Straas) 

806.63 

28 

28.76 

— 

— 

Matarlal  Thlckoaaa 

136378.00 

2 

68289.10 

2223.06 

0.00 

Straaa  x  Thickaaaa 

31336.50 

28 

1119.09 

366.30 

0.00 

Error  (Thlckaesa) 

1863.11 

60 

30.72 

— 

— 

Taaparatura 

2038.77 

2 

1019.39 

27.73 

0.00 

Straaa  x  Taaparatura 

127260.00 

28 

6366.29 

123.63 

0.00 

Thickaaaa  x  Taaparatura 

6321.86 

6 

1380.66 

62.99 

0.00 

Straas  x  Thickaaaa  X  Taaparatura 

3772.83 

36 

67.37 

1.83 

0.00 

Error  (Taaparatura) 

6616.66 

180 

36.76 

— 

— 

TOTAL 

619786.00 

606 

Mt 

TABU  2 

Analysis  cf  Varlanca  on  Data  for  a  18”  Drop  Haight  * 


SOURCE  OF  VARIATION 

SUMS  OF  SQUARES 

DF 

HEAR  SQUARES 

F-STATISTIC 

PR0B.> 

Straas  Laval 

365539.00 

u 

33230.80 

302.87 

0.00 

Rapllcatas 

109.26 

2 

56.63 

— 

~ 

Error  (Stress) 

2613.83 

22 

109.72 

— 

— 

Matarlal  Thickaaaa 

270231.00 

2 

135115.00 

1626.72 

0.00 

Stress  x  Thickaaaa 

85727.10 

22 

3896.69 

66.86 

0.00 

Error  (Thickness) 

3991.78 

68 

83.16 

— 

— 

Taaparatura 

1278.82 

2 

639.61 

7.57 

0.00 

Straas  x  Taaparatura 

203606.00 

22 

9256.82 

109.52 

0.00 

Thickaaaa  x  Taaparatura 

12512.60 

6 

3128.15 

37.02 

0.00 

Stress  x  Thickness  x  Taaparatura 

7376.06 

66 

172.18 

2.06 

0.00 

Error  (Taaparatura) 

12168.60 

166 

86.50 

— 

— 

TOTAL 

965153.00 

323 

—  ' 

— 

*  Tha  valuaa  la  this  tabla  may  not  tiai  dua  to  rounding 
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1.  Aa  analysis  con* lacing  of  th* 

Min  treatment  a,  th*  implica¬ 
tion*,  and  an  lntaractlon  which 
la  cal  lad  error  of  A  a  amplica¬ 
tion*; 

2.  An  analyaia  of  aubtraaenaot  1, 
tha  lntaractlon  of  A  x  I,  and  tha 
arror  conpoaad  of  tha  lntarac- 
tlona  (>  x  implication*)  plua 
(Asia  rapllcatlona) ;  and 

3.  Tha  analyala  of  auh-aubtraataant 
C,  tha  lntaractlona  A  a  C,  laC, 
and  A  a  >  a  C,  and  tha  arror  com 
poaad  of  tha  lntaractlona  (C  a 
rapllcatlona)  plua  (laCi  rap  11- 
catlona)  plua  (A  a  C  a  rapllcatlona) 
plaa  (A  a  •  a  C  a  rapllcatlona). 

Mat  thla  daalgn  configuration,  tha  neth- 
anatlcal  nodal  for  oach  aaparl  nantal  ohaarwa- 
tlon  nap  ha  wrlttan  aa 


yljkt  *  ♦  *i  ♦  *«  4  ■*!. 


mhls  run 
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mikt+SThT,ljkt 


whora  u 
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1 

Th, 


t 

St 


-  tha  general  naan 

•  1th  atatlc  atreaa  level 


.th 


naterlal  thlcknaaa 


It 


-  kth  teaperature  level 
•  t1*1  replication 

-  whole  plot  error 


Th*jt  ♦  STht^j  t  ■  epllt-plot  error 

T*kt  *  ThTtJkt  *  mikt  +  mT,ljkt 

apllt-apllt  plot  error. 


DATA  ACQUISITION  AID  ANALYSIS 


Before  the  drop  teat  study  could  proceed, 
provlalona  had  to  be  and*  tor  collecting  tha 
reaultlng  drop  teat  data  which  would  be  eon- 
plately  coapatlbla  with  th*  apllt-apllt  plot 
experimental  dealp)  for  th*  deternlnatlon  of  a 


tanparaturn  effect  an  caahdan  perfomance. 
Consequently ,  a  data  fora  nae  designed  and 
ccnputarlaed  which  lndndnd  a  randanl ration 
achana  for  ldeeclfylng  (he  ardor  of  axperl- 
nentatloa  la  which  the  taeparatur*— chi  cl¬ 
one*  expert nanc  el  caMiaeclswe  ahould  be  per¬ 
formed. 

Analyala  of  Variance 

la  order  to  tent  the  significance  of  th* 
teaperature  affect  aa  teofclnalng  naterlal  prop¬ 
erties,  the  data  act  corresponding  to  each  drop 
height  was  subjected  to  an  Analysis  of  Var¬ 
iance  to  detect  the  elgelf lcanc*  of  a  temper¬ 
ature  effect  before  gafag  any  further.  The 
results  were  that  ell  dnp  height*  exhibited  a 
temperature  effect  ae  ahaan  la  Table*  1  through 
A. 

Outlier  Detection 

la  neat  axpertnwtal  situations,  cogni¬ 
sance  Mat  be  taken  that  a  net  of  ob nervations , 
purportedly  obtained  Mdar  the  sane  conditions, 
any  be  widely  different  free  other  observations, 
or  an  outlier  froa  tha  tact. 

Thus,  tha  daclalan  caafrontlng  the  axperl- 
aantar  la  whether  Co  heap  tha  suspect  observa- 
tlon(s)  In  computerise,  or  whether  It  should  be 
discorded  aa  a  faulty  nsaeuraaant.  It  should 
be  pointed  out,  boaamor.  char  the  word  reject 
as  used  here  naan*  reject  in  computation .  since 
every  observation  Met  ha  recorded. 

With  than*  cancaptn  fa  mtad.  the  data  was 
checked  for  outliers,  aad  any  outlier*  found 
warn  removed  before  the  design  curves  were 
generated,  further,  tha  eatller  test  was 
only  conducted  on  the  three  replications  of 
each  sac  of  expert  near  *1  condition*  for  each 
drop  height,  tamperatuxe,  and  naterlal  thick¬ 
ness. 


Although  aany  criteria  have  been  proposed 
for  guiding  tha  rejection  of  outliers,  none 
war*  found  la  tha  literature  which  were  appli¬ 
cable  to  thla  case.  Consequently ,  an  extension 
of  tha  ratraea  atwdaatlxed  deviate  fro*  the 
■aepl*  naan  (Nair  Criterion)  was  developed. 

The  first  step  In  tha  outlier  detection 
procedure  1*  to  coigncs  tha  unpin  variances 
for  each  ut  of  thru  replications  of  C  level* 
for  aach  static  *cr**e  considered,  to  find 
which  eat  Hu  the  naxlnan  sanpl*  variance,  for 
the  set  of  observations  having  dm  largest 
variance ,  aach  obutvwtloa  of  the  ut  Is  then 
tested  Individually  aa  a  candidate  for  rejec¬ 
tion  u  an  out  liar  by  utilising  the  statistic 


t 
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where  x  •  an  individual  observation  In  a  aat 
*  of  thraa  raplicatlona 

x  •  tha  aaapla  naan  of  tha  thraa  obaer- 
vationa 

s  •  an  lndapandant  axtarnal  aatlaata  of 
tha  ataadard  da vl at Ion  froa  coo cur¬ 
rant  data. 

To  acquire  a  ,  tha  aat  of  raplicatlona  of 
C'a  having  tha  maximum  aaapla  variance,  aa 
Indicated  above,  corraapondlng  to  a  particular 
atraaa  level,  la  eliminated  from  the  calcu¬ 
lation.  From  the  remaining  aata  of  raplicatlona 
of  G'a,  tv  la  calculated  with  the  cxpreaalon 


where  wj  -  aaapla  variance  of  tha  1th  aat  of 
1  raplicatlona  of  G'a 

n  -  nuabei  of  atraaa  lavela. 

The  valuea  of  tha  t  atatlatlc  for  each 
obaarvatlon  In  the  aat  of  repllcatea  being 
taeted  are  coaparad  with  the  appropriate  value 
froa  a  cable  of  percentage  point a  of  tha  sx- 
treaa  student lied  deviate  from  the  aaapla  naan 
(3],  and  a  point  la  rejected  aa  aa  outlier  if 
t (calculated)  >  t (table  value). 

If  an  observation  la  rejected  In  tha  first 
iteration  of  the  outlier  teat,  tha  eat  of  repli¬ 
cates  to  which  it  belonged  la  no  longer  con¬ 
sidered  in  further  calculations,  but  the  pro¬ 
cedure  then  moves  to  the  set  of  replicates  with 
the  next  highest  aaapla  variance  to  check  for 
outliers.  Iteration  la  continued  until  a  set 
of  replications  Is  checked  and  no  points  are 
rejected. 

Safeguarua  are  built  Into  the  outlier  taut 
procedure  which  restrict  the  number  of  data 
points  that  can  be  rejected  in  a  set  of  repli¬ 
cates.  For  Instance,  only  one  point  can  be 
rejected  In  a  set  of  three  replications.  Also, 
if  two  of  the  three  values  of  t  are  the  saaa, 
and  are  greater  than  the  test  criterion  value 
of  t,  than  neither  of  the  observations  la 
rejected.  This  Is  essentially  a  tie  rule  for 
a  relatively  rare  but  possible  eventuality. 

Regression  Curve  Development 

With  the  outlying  observations  removed 
froa  the  data,  many  different  polynomial  regres¬ 
sion  models  were  utilised  in  an  effort  to  de¬ 
scribe  the  theoretical  dynamic  cushioning  curve 
from  thla  data.  Hcwever,  none  of  these  models 
were  sufficient  on  the  baaia  of  analysis  of 
regression  variance  and  sample  correlation 
coefficients  of  static  stress  (x)  versus  decel¬ 
eration  at  Impact  in  G's  (y).  It  was  not  until 
a  polynomial  regression  of  the  logarithm  of 


static  stress  (s)  versus  decs lerat Ion  at  Impact 
(y)  was  attempted  that  significant  results  were 
obtained.  Tha  general  form  of  tha  p-order  poly¬ 
nomial  regression  equation  was  determined  to  be: 

Tl  -  bfl  ♦  bite  xt  b2(to  */ 

♦....♦  b  (to  x.)p  , 

P  I 

which  represents  tha  deceleration  y.  values 
from  tha  logarithm  of  static  strass1lavel  x. 
values. 

A  fairly  rigorous  method  for  determining 
tha  degree  of  tha  polynomial  to  ba  fitted  to  a 
given  sat  of  data  consists  of  first  fitting  a 
straight  line  to  a  set  of  data,  l.a. ,  y  ■  b  ♦ 
bix  and  tasting  the  hypothesis  Bi  -  0.  TheS, 
fit  a  second  degree  polynomial  and  teat  the 
null  hypothesis  Bg  “  0,  namely,  that  nothing  Is 
gained  by  Including  the  quadratic  term.  If 
this  hypothesis  can  be  rejected,  a  third-dagr *e 
polynomial  la  fitted  and  the  hypotheses  Bj  *  0 
is  tested,  ate.  Thla  procedure  la  continued 
until  the  null  hypothesis  B,  ■  0  cannot  be 
rejected  In  two  successive  steps  and,  con¬ 
sequently,  there  is  no  apparent  advantage  to 
carrying  the  extra  terms  [4].  However,  In 
order  to  perform  these  tests  It  Is  necessary  to 
impose  the  assumptions  of  normality.  Indepen¬ 
dence,  and  hoooscedastlclty  of  errors  of  the 
regression  estimates. 

After  fitting  tha  straight  line,  a  second- 
degree  polynomial  Is  fitted  and  tested  to  see 
whether  It  is  worthwhile  to  carry  the  quadratic 
tarn  by  comparing  o^,  tha  residual  variance 
after  fitting  the  straight  line,  with  of.  the 
residual  variance  after  fitting  the  second- 
degree  polynomial.  Each  of  these  variances  Is 
given  by 

n 


degrees  of  freedom 

with  y*  computed ,  respectively,  froa  the  equ¬ 
ation  Of  the  line: 

»1x1 

and  the  equation  of  the  second  degree  poly¬ 
nomial: 

yl  "  bo  +  b,xl  +  bjXi 

where  in  this  research  effort  x1  •  In  (100  x^> 

The  term  "degrees  of  freedom”  in  the 
denominator  of  tha  aquation  for  the  residual 
variances  Is  n  -  2  for  c^,  because  two  degrees 
of  freedom  are  lost  In  the  computation  of  x 
and  b{ ,  and  it  Is  n  -  3  for  of ,  because  three 
degrees  of  freedom  are  lost  In  the  computation 
of  x,  b),  and  b2. 
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tails  3 

Analysis  of  Varlanc*  on  Data  for  a  24"  Drop  Haight  * 


SOOtCE  or  V  ASIATIC* 


Strsss  Laval 

lapllcatas 

Error  (Strata) 

Notarial  Thickness 
Strata  a  Thlckaaaa 
Error  (Thlckaaaa) 
Taaparatura 
St rasa  s  Taaparatura 
Thlckaaaa  s  Taaparatura 
Strata  a  Thlckaaaa  a  Taa 
Error  (Taaparatura) 


sms  or  sqoaees 


*75736.00 

*1.86 

6335.53 

221067.00 

61112.60 

6994.66 

46759.00 

310374.00 

16646.20 

12536.00 

19499.10 


1177110.00 


NEAR  SQOAEES  r-STATISTlC  PBOS.s  T 


150.16  0.00 


TABLE  4 

Analysis  of  Variants  on  Data  for  a  30"  Drop  Haight  * 


F- STATISTIC 


42965.70 

262.79 

71.65 

393960.00 

9464.37 

60.81 

5008.24 

22483.30 

24268.20 

477.36 

64.46 


S001CE  Of  VARIATION 

sons  or  sqoAiES 

!  ” 

Strata  Laval 

644765.00 

i  15 

lap 11 cates 

565.57 

2 

Error  (Strata) 

2149.39 

30 

Material  Thickness 

787921.00 

2 

Stress  x  Thickness 

283931.00 

30 

Error  (Thickness) 

3891.92 

64 

Taaparatura 

10016.50 

2 

Strata  x  Taaparatura 

674500.00 

30 

Thickness  x  Taaparatura 

97072.90 

4 

Stress  x  Thickness  x  Taaparatura 

28641.70 

60 

Error  (Taaparatura) 

12376.40 

192 

TOTAL 

2545850.00 

431 

6479.41 

155.6* 


*  Tha  valuta  in  thla  table  nay  not  aua  due  to  rounding 
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TABU  6 


Typical  Regression  Equations 


However,  with  the  presentation  of  cushioning 
data  In  the  fora  of  aupsrlaposed  dynamic 
cushioning  curves,  this  pitfall  can  be  avoided 
and  the  designer  can  address  the  significant 
affect  of  taaperature  upon  cushioning  per¬ 
formance  . 

COMCUHlOin  AMD  UCOMKEXDATIOMS 

This  research  shows  that  temperature  sen¬ 
sitive  dynamic  cushioning  curves  are  feasible 
to  develop,  and  are  necessary  for  the  cushion¬ 
ing  designer  attesting  to  protect  valuable 
merchandise  against  damage  over  wide  taapera¬ 
ture  extremes  [5]. 


MINICEL  -30  IN. O.H.- ONE  IN. THICK 


STATIC  STRESS  (PSI)  — 

Big.  A  -  Typical  superimposed  dynamic  cushioning  curves 
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and  superimposes  upon  It,  the  -65 °F  and  +  160  F 
curves,  (has  the  data  la  presented  la  this  man¬ 
ner,  it  la  passible  for  a  container  designer  to 
assess  the  affect  ef  temperature  upon  cushion 
performance  and  trade-off  be  turn  am  static  stress 
levels  for  the  temperatures  anticipated  for  a 
particular  design.  From  Figure  6,  It  can  be 
assn  that  there  are  serious  daf  lc lends s  in 
trying  to  design  a  container  cushioning  system 
that  will  experience  temperature  changes  by 
utilising  only  ambient  cushioning  curves.  For 
example,  the  optimum  C- level  am  the  ssblent 
carve  is  62  G's  at  0.26  pal  static  stress.  But 
If  this  static  stress  level  were  selected  and 
tha  csatalnar  sera  dropped  30"  at  -65° F,  a  G- 
lsvel  of  101  G's  would  bo anticipated  which  is 
considerably  above  the  70°F  G- level. 


Ik  kctotw  whether  to  carry  tba  quadrat¬ 
ic  tan  la  baaad  on  tba  statistic 


F 


3i-«I 


uhlcb  Is  tbs  value  of  a  random  varlabls  having 
an  approximate  F  distribution  with  1  and  n  -  3 
degrees  of  freedom.  Tha  hypothasls  i;  •  0  is 
rajactad  for  valuas  of  F  (calculated  above) 

>  F  (1,  n-3)  wbara  a  -  0.05  for  this  test. 

Q 

Continuing  with  this  11ns  of  reasoning, 
tba  decision  whather  to  carry  tha  cubic  tan 
la  baaed  on  tha  statistical  test 

r  .  ftlil  >  f  ft,  »-4> 

-2  ® 

•l 


f(yt  -  Cb0  ♦  bi«t  ♦  bi«*  ♦  bjxjl)1 

where  o|  -  — - 

<n-4) 
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As  can  be  swan  In  Tabic  5,  quadratic  flta  arc 
statistically  significant  In  all  axpcrlnantal 
conditions  except  three.  Further,  wa  see  that 
absolutely  nothing  la  giined  by  carrying  tha 
third  and  fourth  degree  terse,  l.c.,  we  can 
never  reject  the  null  hypothea-a  83  •  0  and 
84  ■  0  at  the  51  level  of  significance. 

Table  6  presents  the  regression  equations 
for  30"  drop  height  and  1"  thick  Mlnlcel.  By 
substituting  any  selected  static  stress  levsl 
Into  tha  regression  equation  for  a  particular 
tenperature,  the  predicted  G- level  will  be 
cosputed  with  excellent  statistical  accuracy 
for  that  particular  static  stress  and  tem¬ 
perature  condition. 

In  addition  to  the  regression  equations 
that  nodal  G-lavel  response  mathematically ,  the 
analysis  procedure  also  provides  a  graphical 
presentation  of  tha  design  curves.  Figure  A 
la  an  example  of  a  superimposed  dynamic  cushion¬ 
ing  curve  that  can  be  generated  by  these  equa¬ 
tions.  As  can  be  readily  aten.  Figure  A 
displays  the  ambient  dynamic  cushioning  curve 


TABU  5 
F-fcatlmtlcs 


a  a  O.OS 


TEMP. 

THicmss 

DB0F  HEIGHT  - 

12" 

QUADKATIC 

CU1IC* 

QUABTIC* 

1" 

8.68 

0.99 

0.99 

-65° 

2" 

19.66 

0.99 

0.99 

3" 

7.19 

0.99 

0.99 

l" 

26.53 

0.99 

0.99 

70° 

2" 

12.02 

0.99 

0.99 

3" 

5.25 

0.99 

0.99 

1" 

23.09 

0.99 

0.99 

160° 

2" 

13.15 

0.99 

0.99 

3" 

2.21* 

0.99 

0.99 

IH. 

thicotss 

MOP  HEIGHT  - 

18" 

qOAMATIC 

CUBIC* 

Q0AKTIC* 

1" 

12.76 

0.99 

0.99 

-65° 

2" 

55.24 

0.99 

0.99 

3" 

3.91* 

0.98 

0.99 

1" 

39.78 

0.99 

0.99 

70° 

2" 

10.06 

0.99 

0.99 

3" 

9.70 

0.99 

0.99 

1" 

12.71 

0.99 

0.99 

160° 

2" 

13.77 

0.99 

0.99 

3" 

18.17 

0.99 

0.99 

TBKF. 

THICKHESS 

DROP  HEIGHT  - 

26" 

QUADBIT IC 

CUBIC* 

QUABTIC* 

1" 

8.19 

0.99 

0.99 

-05° 

2" 

3.63* 

0.99 

0.99 

3" 

8.31 

0.99 

0.99 

1" 

15.70 

0.99 

0.99 

70° 

2" 

16.63 

0.97 

0.99 

3" 

8.85 

0.99 

0.99 

1" 

7.18 

0.99 

0.99 

160° 

2" 

7.67 

0.99 

0.86 

3" 

11.15 

0.99 

0.99 

TWP. 

THICKNESS 

DKOF 

HEIGHT  • 

30" 

QUADKATIC 

CUBIC* 

QUABTIC* 

1" 

8.87 

0.99 

0.99 

-65° 

2" 

50.16 

0.99 

0.99 

3" 

6.17 

0.99 

0.99 

1" 

19.06 

0.95 

0.99 

70° 

2" 

26.15 

0.99 

0.99 

3" 

11.57 

0.99 

0.99 

1" 

8.75 

0.99 

0.99 

160° 

2" 

10.59 

0.99 

0.99 

3" 

18.16 

0.99 

0.99 

*  Mot  significant  at  a  •  .05 


Mr.  NcSaniel:  That's  true!  That  it  on*  of  the 
problen  aroot  with  using  dynamic  cushioning 
curves  gsnoractd  In  cha  nanner  chat  as  gonorstod 
thta  today.  A  report  asked  Woody  Rayet  do  you 
have  any  problsas  with  theta  football  tsaae, 
he  aald  no  we  haven't.  We  have  gone  at  sawt  at 
7  years  without  fouling  up  the  snap  frost  enntar 
and  this  year  we've  nested  It  up  twice  and 
there's  14  years  shot  to  hall!  So  yaa  that  la 
a  pcebles.  There  la  no  doubt  about  It  and  yea 
dyuanic  cushioning  eurvea  are  a  first  guess  that  a 
designer  uses  to  elbow  hla  wey  In  to  a  container 
design  and  there  art  all  kinds  of  things  Ilka 
side  constraints  and  tha  shape  of  the  cushion 
and  things  Ilka  that.  A  flat  cushion  la  not 
necessarily  representative  of  exactly  what  you 
find  la  containers  but  It's  the  best  thing 
ee've  got  that  I  know  about  and  I  think  nost 
people  will  agree  that  dynanle  cushioning 
curves  are  the  best  we've  got  today  and  they 
can  be  a  reliable  neana  of  designing  on  a 
preliminary  basis  and  then  putting  Into  the 
prototype  the  shape,  also,  statistics  and  wall 
cushioning  that  can  bo  expected  such  that  the 
final  design  should  perforn  tha  way  you  want 
It  to.  Thera  still  are  thoso  problens  of 
preloeding  that  you  nantionad  that  are  not 
accounted  for. 
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DUCOSSUM 


bftrlanttl  result!  oa  Hercules  Mlalcel 
clearly  Indicate  tbet  e  temperature  effect 
Hoes,  ia  fact,  exist,  end  should  be  taken  Into 
account  by  the  container  cushioning  ays ten 
designer.  It  la  recoaneuded  that  taaperature 
sensitive  dynaalc  cushioning  curvet  be  Incor¬ 
porated  In  MXL-HDBK-30*,  Package  Cushioning 
Design,  which  will  facilitate  naxlnun  distri¬ 
bution  of  the  In format  Ion  to  container  daslgn- 


The  regression  equations  provided  through 
che  analysis  procedure  era  a  significant  con¬ 
tribution  to  tha  study  of  cushioning  notarial 
theory.  It  aey  be  possible  with  the  aacha- 
aatlcal  node Is  of  cushion  response  developed 
herein  to  formulate  the  math  test leal  relation¬ 
ships  Ant  represent  tha  viscoelastic  properties 
ef  cushioning  aa  to  riels.  However,  it  la  not 
expected  that  all  cushioning  aacarlals  will 
behave  In  tha  seas  pattern  as  the  Mlalcel 
nets  rial.  Consequently,  each  aetertal  should 
he  tested  Individually,  In  a  neons r  similar  to 
tha  Mini cal  taste.  It  is  recognised  that 
extrapolation  to  other  cushioning  materials  Is 
not  possible  from  one  Isolated  netarlal. 

based  upon  the  encouraging  results  pro- 
seated  herein,  research  Is  continuing  on 
additional  netarlal  types  and  densities  aa  well 
as  the  development  of  confidence  Intervals  oa 
generated  design  curves. 
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gramaars  Inference ,  UP7502,  Sperry  land 
Cory. ,  lev.  1,  1970 
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Rational  bureau  of  Standards  Handbook  91, 
Aug.  19*3 


A.  Miller,  Irwin,  and  John  C.  Freund,  Prob¬ 
ability  and  Statistics  for  Engineers. 
Prentice-Hell,  Englewood  Cliffs,  M.J.,  19*3 


S.  Hysklda,  At  chard  M.  and  Hickey  b.  Wilhelm, 
“Temperature  Sensitive  Dynaadc  Cushioning 
Function  Development  and  Validation  for 
Hercules  Hlnlcal  Thermoplastic  Foam,”  OAR 
bees arch  import  Ho.  139,  Sept.  197A 


Mr.  Cartel:  (Kinetic  Systems)  The  thing  that 
was  Interesting  to  as  la  year  plot  was  che 
little  triangle  where  tha  three  op  tints  curves 
or  where  tha  three  cushioning  curves  sort  of 
cane  together  near  their  optlaMS.  The  question 
is  how  big  does  this  triangle  vary  froa  notarial 
to  netarlal.  If  tha  triangle  Is  very  small  It 
would  seem  that  la  an  Ideal  spot  to  design 
cushioning  Independent  of  Caspars tura  effects. 

Mr.  McDaniel: (USAMC)  That  la  the  key  as  far  aa 
how  big  tha  triangle  you  gat  and  not  only  does 
it  vary  froa  material  to  netarlal  but  they  also 
can  vary  froa  thickness  or  drop  helghth  of  any 
one  particular  aaterlal  and  so  In  this  case  the 
triangle  la  rather  snail  aad  la  other  cases  If 
you  move  up  oa  tha  g  level  apes,  tram  the  trlangla 
gets  bigger  yen  eee.  be  yes  that  la  right  aad 
of  course  that  la  taper test  aad  soma times  If  you 
are  high  enough  oa  the  g  level  aad  for  Instance 
you  havo  an  allowable  123-130  g'a  chan  It 
wouldn't  bother  you  that  there  la  a  substantial 
difference  hero  In  these  things  because  you  are 
alright  at  all  throe  temperatures  anyway. 

That's  right  there  Is  that  point  to  be  concerned 
with,  namely  how  big  that  trlangla  Is  and  sosn- 
clnas  you  just  fall  outside  of  that  triangle 
and  aren't  really  snare  ef  It  with  tha  current 
information  oa  tha  Involved  cushioning  material. 

Mr.  Waeer:  (Supehlpe,  Croton)  I  noticed  this 
aaterlal  has  the  phenomena  of  creep  when  you 
use  it  In  containers.  Dean  tha  g  factor  change 
with  reference  to  time  whan  there  Is  ta^terature 
variance  or  done  the  curve  very  with  tlaeT 

Mr.  Me Denial:  He  didn't  address  the  problem 
of  creap  we  just  recognised  that  there  is  that 
problem  with  any  of  these  things  sad  even  Lord 
might  admit  that  their  shear  anunt  might  creep 
a  little  aad  yes  that  does  happen  and  Its  one  of 
these  things  that  yon  have  la  a  viscoelastic 
aaterlal.  He  looked  at  the  dynamic  cushioning 
curves  just  Ilka  MIL  Handbook  30*  suggested  that 
It  should  bo  looked  at  using  that  seam  set  of 
teat  paraaatars  and  inputs  with  the  exception 
that  we  did  have  one  elicit  disagreement  with 
tbo  handbook.  I  really  think  that  kind  of  thing 
would  be  a  very  useful  thing  to  put  in  MIL 
Handbook  30*.  If  wa  can  ever  convince  the  Air 
Force  of  that  aaybe  no  can  get  them  In. 

Mr.  Porkols:  (HAL)  I  was  seadaring  what  the 
affect  of  preload  would  bo  oa  that?  It  eaane 
to  as  that  could  asks  significant  changes  In 
your  acceleration  l avals  particularly  when  you 
have  plus  and  ml  awe  loading  am  an  Item  sad  it 
wasn't  clear  to  ns  exactly  hew  yoar  teat  wee 
performed.  Too  didn't  havo  the  l  g  loading  when 
yes  lapse ted  the  spec  Imam,  if  I  non  your  drop 
tooting  arreagsaoat  properly? 
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Figure  1  -  Launch  System  in 

Shallow  Angle  Launch 
Configuration 


Figure  3  ■  Launch  System  in 
Vertical  Launch 
Configuration 


Figure  2  -  Launch  System  in 

Projectile  Loading 
Configuration 


compatible  with  commercial  tractors 
In  the  traveling  configuration,  the 
launch  system  is  40  feet  long,  is  a 
maximum  of  10  feet  wide,  and  is 


approximately  55,000  pounds  gross 
weight.  The  system  is  equipped  with 
aft  end  stabilizing  outriggers,  a  crane, 
and  two  winches.  All  this  equipment, 
plus  the  main  gun  elevation  cylinder,  is 
powered  by  a  2000  psi  by  1SGPM  hydraulic 
unit  located  at  the  front  end.  The 
hydraulic  unit,  plus  an  adjacent 
4000-pound  steel  ballast,  help  counter¬ 
weigh  the  gun  when  the  launch  system  is 
in  a  vertical  launch  configuration. 

The  gun  design  was  chosen  from 
three  final  candidates,  all  powered  by 
solid  propellant.  The  candidates  were 
a  normal,  breech  loading,  closed-breech 
gun  and  associated  recoil  system,  a 
conventional  recoilless  gun,  and  a  Davis 
Gun  recoilless.  Since  no  riflings  or 
other  torque- inducing  features  are 
required,  all  candidates  were  smooth 
bores . 


The  closed-breech  gun  was 
rejected  primarily  because  the  recoil 
system  could  not  maintain  low  enough 
recoil  forces  over  an  acceptably  small 
recoil  distance.  Low  recoil  forces 
were  needed  to  prevent  lifting  the 
launch  system  during  gun  firing  and  to 
keep  the  structural  loads  within  reason. 

The  Davis  Gun  and  conventional 
recoilless  guns  were  compared,  and  the 
Davis  Gun  was  chosen.  These  two  types 


-  -  - 
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A  DAVIS  GUN  PENETRATOR  LAUNCH  SYSTEM 


L.  0.  Seasons 
Sandia  Laboratories 
Albuquerque,  New  Mexico 


(U)  Interest  In  experimenting  with  large  high  velocity  vehicle 
penetration  of  in  situ  undisturbed  earth  targets  has  calaiaated 
with  a  new  test  facility,  the  Davis  Gun  Penetrator  Lath 
Systea.  The  launch  systen  is  a  trailer  mounted  gun.  the 
trailer  provides  nobility  and  doubles  as  a  gun  aowt  aai  gun 
elevation  nechaniss.  The  Davis  Gun  is  a  special  type  of  recoil 
less  gun  and  fires  test  vehicles  downwards  into  earth  targets 
only  a  few  feet  away.  The  Davis  Gun  advantages  over  ether 
candidate  guns  resulted  in  its  selection  for  the  facility  but 
also  gave  experimenters  an  extra  projectile  to  worry  about . 


INTRODUCTION 

Earth  penetration  jsearch,  or 
terradynamics ,  is  a  12 -year  old  study 
area  at  Sandia  Laboratories.  The 
primary  object  of  these  studies  has 
been  to  understand  the  dynamics  of  the 
interaction  between  free-flying  missiles, 
or  penetrometers,  and  undisturbed  earth 
targets.  Maximizing  penetration  has 
been  a  major  secondary  goal. 

Since  the  targets  must  be 
au  naturel  ,  the  experiment  must  go  to 
the  target.  Targets  generally  are 
either  small,  or  require  precision 
impact  location,  and  the  experimenter 
must  deliver  the  penetrator  with  a  low 
circular  error  probable  (CEP) .  These 
constraints,  plus  available  facilities, 
have  limited  study  to  small  penetrators 
and  low  velocity  phenomena. 

New  potential  applications  of 
penetrator  technology  have  stimulated 
interest  in  experimenting  with  large 
diameter,  high  velocity  penetrometers. 

In  response,  a  unique  facility  has  been 
designed  and  built  to  meet  these  goals. 
The  new  facility  is  named,  "The  Davis 
Gun  Penetrator  Launch  System". 

DESIGN  PHILOSOPHY 

The  new  facility  was  originally 
defined  by  rather  general  criteria: 

1.  The  facility  must  be 
roadable,  with  a  moderate  crosscountry 


capability. 

2.  A  gum,  with  the  maximum 
practical  bore  diameter,  most  be  used 
to  accelerate  the  payload . 

3.  An  experimemtal  payload  of 

no  less  than  300  pemrnds  must  be  delivered 
at  velocities  to  SOM  ft/sec. 

♦  .  The  paylead  must  be  delivered 
in  a  downward  direction  at  angles  ranging 
from  30  degrees  off  horizontal  to 
vertical . 

5.  The  paylead  impact  CEP  can  be 
no  more  than  a  couple  feet. 

The  contradiction  between  a 
roadable  facility  and  a  maximum  size  gun 
determines  the  nominal  size  and  weight 
of  the  launch  system.  The  payload- 
velocity-direction  meeds  dictate  the 
minimum  gun  size  and  general  structural 
geometry.  The  resultant  launch  systen 
was  a  trailer -mounted  gun.  The  trailer 
provides  mobility  and  doubles  as  gun 
mount  and  elevation  mechanism  at  the 
target  site.  The  gam  fires  the  payload 
downwards  automatically  satisfying  the 
low  CEP  requireswnt  by  limiting  free 
flight  to  a  few  feet.  The  facility  is 
shown  in  different  configurations  in 
Figures  1,  2  and  3. 

As  the  photographs  show,  the  gun 
rotates  in  a  vertical  plane  about  a  pivot 
at  the  aft  end  of  the  trailer.  The 
trailer  is  a  fifth-wheel  type  and  is 
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V2  after  the  projectiles  have  traveled 
distances  and  S2.  A  few  reasonable 

assumptions  and  the  conservation  of 
momentum  principle  lead  to  the 
conclusion  that  the  sane  propellant 
charge  reacting  in  the  same  initial 
propellant  chamber  volume  would  result 
in  the  following  closed  breech  gun 
launch:  A  projectile  weighing 
tf  w 

y after  traveling  (S^  +  S2) 


would  exit  with  a  velocity  of  (V^  ♦  V2) . 
Furthermore,  Nj  S2  V2  and  the 
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time  from  first  motion  to  gun  barrel 
exit  is  the  same  for  both  projectiles. 
These  simplified  but  reasonably  accurate 
relationships  enable  the  less  familiar 
Davis  Gun  behavior  to  be  transformed  to 
a  closed  breech  gun  framework. 


The  Davis  Gun  has  one  dis¬ 
advantage:  a  piece  of  hardware  exits 
the  aft  end  of  the  gun  instead  of  a 
stream  of  gas.  This  makes  certain 
range  safety  and  gun  operations  more 
awkward,  but  the  many  advantages  of  the 
Davis  Gun  were  felt  to  more  than 
compensate.  These  advantages  were: 


1.  A  simpler  design  and 
significantly  lower  cost  resulted. 


2.  No  initial  nozzle  sizing 
was  required. 


3.  There  would  be  no  object¬ 
ionable  erosion  problem  to  be  monitored 
and  evaluated. 


♦.  Inherent  flexibility- -the 
propellant  chamber  volume  may  be 
varied  by  merely  changing  the  projectile 
spacing,  and  the  launch  point  may  be 
anywhere . 


5.  The  internal  ballistics  are 
more  predictable.  This  is  especially 
important  when  an  experiment  requires 
large  extrapolations  from  known 
behavior  ranges. 

6.  Less  propellant  is  required 
for  a  given  propulsive  task. 

The  specific  Davis  Gun  designed 
and  built  for  the  launch  system  is  a 
12  inch  inside  diameter,  19.2  inch 
outside  diameter,  35  foot  long,  21000 
pound  tube.  The  gun  was  built  from  an 
alloy  steel  forging  heat  treated  to 
175000  psi  tensile  yield  strength,  and 
the  tube  was  50t  autofrettaged  before 
final  machining  (i.e.  the  plastic- 


elastic  interface  was  taken  one  half 
way  through  the  wall  thickness) .  The 
tube  will  have  a  minimum  life  of  S00 
firings  of  50000  psi  peak  pressure. 

LAUNCH  SYSTEM  PARTICULARS 

The  two  projectiles  fired  from 
the  Davis  Gun  are  the  penetrator 
experiment  and  what  is  dubbed  the 
reaction  mass.  Typical  maximum 
capabilities  for  a  tube  of  this  size 
are  a  380  pound  penetrator  to  3000  ft/sec 
or  a  750  pound  penetrator  to  2000  ft/sec. 
In  both  of  these  cases,  a  reaction  mass 
weight  around  1500  pounds  would  be  used. 
The  mass  ratio  of  the  two  projectiles  is 
optional  as  is  the  launch  point  location. 

A  typical  ready  for  launch  hard¬ 
ware  setup  inside  the  tube  is  shown  in 
Figure  S.  In  general,  a  penetrator 
experiment  consists  of  a  subcaliber 
(i.e.  less  than  12  inches)  penetrator 
adapted  to  the  bore  diameter  by  a  rigid 
foam  ring  in  front  and  an  aluminum/ 
steel  piston  in  back.  Penetrators  are 
planned  to  carry  on-board  telemetry 
systems  capable  of  real  time  in-target 
data  transmission.  Techniques  for 
recovering  stored  data  without  recover¬ 
ing  the  penetrator  are  also  planned. 

Data  recovery  is  vital  since  experiment 
recovery  from  depths  in  the  order  of 
200  feet  is  an  expensive  lengthy 
procedure,  and  in  some  types  of  targets 
with  shallow  water  tables,  recovery  is 
virtually  impossible. 

The  propellant  charges  are 
modular.  Each  contains  50  pounds  of 
propellant  and  8  ounces  of  black  powder 
igniter  material.  Explosive  packaging 
is  done  with  heavy  cloth  and  a  card¬ 
board  tube  provides  an  axial  passageway 
through  the  module  for  the  launch 
positioning  cable.  The  cloth  propellant 
container  has  a  laced  seam  for  easy 
propellant  removal  when  less  than  50 
pounds  is  needed.  As  many  as  four 
modules  will  be  used  for  a  given  test. 

The  reaction  masses  are  also 
mrdular  with  an  axial  passageway  for 
the  launch  positioning  cable.  The 
modules  are  sheet  aluminum  skins 
attached  to  wood  end  caps  and  are  filled 
with  metallic  shot.  Other  reaction  mass 
designs  were  considered  and  many  were 
evaluated  in  scale  model  tests  utilizing 
an  8-1/2  inch  smooth  bore  gun.  Liquid 
reaction  masses  were  rejected  because  of 
low  density.  Other  designs  which  were 
tried  and  worked  were  stacks  of  thin, 

60  mil,  steel  plates  with  transverse  or 
longitudinal  lamination  orientations. 
Solid  reaction  mass  modules  would  also 
work,  but  they  would  require  almost 
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NOZZLE 


CONVENTIONAL  RECOILLESS  GUN 


BURST 

DIAPHRAGM 


ADVANTAGES 

1.  GAS  REACTION  MASS. 


L  SIMPLER.  LOW  COST  DESIGN 

2.  NO  INITIAL  NOZZLE  SIZING 

3.  NO  EROSION /RECOIL  PROBUM 

4.  FLEXIBILITY:  VARIABU  CHAMBER 
VOLUME  AND  LAUNCH  POINT 

3.  MORE  PREDICTABLE  INTERNAL 
BALLISTICS 

&  LESS  PROPEUANT  REQUIRED 


DAVIS  GUN  RECOILLESS 

Figure  4  -  A  Conceptual  Comparison  of  the  Conventional 
and  Davis  Gun  Recoilless  Guns 


of  recoilless  guns  are  conceptually  machined  to  adjust  the  net  recoil 

compared  in  Figure  4.  force.  Nozzle  throat  erosion  and 

changing  recoil  forces  are  experienced 

As  can  be  seen,  the  conventional  after  the  gun  goes  into  service, 

recoilless  basically  consists  of  a 

barrel,  a  propellant  chamber  and  a  In  contrast,  the  Davis  Gun 

nozzle.  In  large  caliber  guns,  these  recoilless  consists  only  of  a  constant 

different  parts  are,  of  necessity,  inside  diameter  tube  open  at  both  ends, 

separate  pieces  of  hardware  and  require  A  propellant  charge  resides  between  two 

joint  designs  for  assembly.  Normally,  projectiles  and,  at  ignition, 

there  is  a  burst  diaphragm  in  the  simultaneously  drives  them  in  opposite 

throat  of  the  nozzle  section  to  enhance  directions.  The  recoil  forces  auto¬ 
initial  pressure  buildup  in  the  natlcally  net  out  to  zero  with  the 

propellant  chamber.  exception  of  negligibly  small  differ¬ 

ential  friction  forces.  Note  that  the 

In  the  conventional  recoilless  zero  axial  force  condition  remains  true 

gun,  the  propellant  charge  is  ignited  even  if  projectile  exit  tines  differ, 

and  the  pressure  simultaneously  The  second  projectile  only  constrains 

accelerates  the  projectile  and  causes  the  propellant  gas  enough  fcr  proper 

gas  to  flow  through  the  nozzle.  Proper  pressure  to  develop, 
nozzle  design  results  in  a  pressure 

distribution  which  integrates  out  to  An  interesting  equivalence 

zero  net  force  on  the  gun.  Typically,  exists  between  the  internal  ballistics 

however,  a  recoilless  gun  must  undergo  of  a  Davis  Gum  and  a  closed  breech  gun. 

a  series  of  gun  firings  in  a  pendulum  Assume  a  Davis  Gun  launches  projectiles 

mount  to  size  the  nozzle.  Either  the  weighing  Wi  and  »2  •*  velocities  V.  and 

nozzle  throat  or  exit  diameter  are  1 


PROJECTILE-/  /-PROPELLANT  /-REACTION 
CHARGE  MASS 


/  ■  ' 

✓  ■  4 


'N*. 


\v  r-v  •  -  • 

tv  \  .  '  S*- - 


BLAST  AND  IMPULSIVE  LQAPING 


X-RAY  SIMULATION  WITH  LIGHT- INITIATED 


EXPLOSIVE 


\ 


R»  A.  Benham 
F •  H.  Mathews 
Simulation  Division  9321 
Sandia  Laboratories 
Albuquerque.  New  Mexico  87115 


/ 

l 


abstract 


87 


the  end  of  the  gm  barrel  at  the  other 
end.  An  intermediate  swage-on  cable 
stop  holds  the  weight  of  the  reaction 
•ass  and  keeps  it  off  the  propellant 
charge.  The  propellant  charge  ignition 
cable  is  attached  to  the  positioning 
cable  froa  the  aft  end  of  the  propellant 
charge  to  the  end  of  the  gun  barrel. 

When  the  propellant  charge  is 
ignited,  the  launch  positioning  cable 
pulls  out  fro*  the  penetrator  piston  at 
a  60  psi  pressure  level.  The  penetrator 
is  accelerated  out  the  gun  barrel  and 
into  the  target  where  the  foan  ring  and 
piston  are  stripped  off.  The  reaction 
■ass  exits  the  other  end  of  the  gun 
barrel,  and  the  containment  skin,  having 
been  cut  by  knives  noun  ted  on  the  end  of 
the  barrel,  iensd lately  bursts  and  frees 
the  metallic  shot.  The  positioning 
cable  is  cut  as  the  reaction  mss  exits 
by  a  knife  blade  feature  built  into  the 
tie-down  hardware  at  the  end  of  the  gun 
barrel.  The  projectile  aass  ratio  is 
set  for  a  reaction  mss  exit  velocity 
less  than  1000  ft/sec.  This  velocity 
and  the  high  air  drag  configuration 
after  burst  Unit  .he  reaction  mass 
range  to  less  than  1000  feet  in  the 
initial  velocity  direction. 

CONCLUSION 

A  versatile  tool  for  conducting 
on  site  earth  penetration  experiments 
is  now  available  at  Sandia  Laboratories. 
Present  plans  include  testing  of  earth 
penetration  devices  ranging  in  diaaeter 
from  four  to  six  inches,  in  weight  froa 
400  to  1000  pounds  and  in  iapact 
velocity  froa  1000  to  3000  ft/sec. 

Shake  down  tests  will  be  conducted  in 
the  Albuquerque,  New  Mexico  area  and 
initial  testing  will  be  done  at  Tonopah 
Test  Range  in  Nevada. 

This  work  was  supported  by  the 
United  States  Atoaic  Energy  Commission. 


Figure  S  -  Typical  Davis  Gun 

Penetrator  Experiment 
Setup,  Launch  Position 


unrestricted  overhead  air  space  and/or 
large  downrange  restricted  areas. 

The  launch  positioning  cable  is 
a  length  of  1/4  inch  aircraft  cable 
that  is  initially  used  to  tow  the  entire 
launch  assemblage  into  position  and  at 
tube  elevation  suspends  everything  in 
position  until  the  propellant  charge  is 
ignited.  The  launch  positioning  cable 
ties  into  the  penetrator  piston  at  one 
end,  passes  through  the  axis  of  the 
propellant  charge,  passes  through  the 
axis  of  the  reaction  aass  and  ties  to 


subsequent  spray  operation,  since  explosive 
wet  with  acetone  will  not  detonate.  Erythroe in- 
13  dye  is  added  to  increase  the  light  absorptive¬ 
ness  of  the  SASN,  thus  improving  its  initiation 
properties. 

The  SASN  -acetone  supply  is  stirred  continu¬ 
ously  to  maintain  a  homogeneous  suspension. 

A  peristaltic  pump,  employing  a  squeezing 
action  on  flexible  rubber  tubing,  provides  con¬ 
tinuous  circulation  of  SASN  to  the  valve  of  the 
spray  nozzle.  The  spray  gun  is  mounted  on  a 
reciprocating  carriage  that  can  be  traversed  at 
uniform  speed  across  the  surface  to  be  painted. 
By  the  careful  control  of  spray  parameters 
(i.  e. ,  position,  speed,  pressure,  and  mixture) 
a  uniform  layer  of  explosive  is  deposited  during 
each  spray  pass.  Since  all  these  operations 
must  be  conducted  remotely,  trials  with  inert 
materials  and  simulated  test  shapes  are 
frequently  necessary  to  establish  control  of 
deposition. 


Control  and  Verification 

One  of  the  techniques  used  to  control  explosive 
deposition  is  illustrated  in  Fig.  2.  This  setup 
was  used  to  obtain  an  impulse  varying  a£  a 
cosine  over  half  the  surface  of  a  stainless- 
steel  ring.  A  mask  restricts  explosive  deposi¬ 
tion  to  a  narrow  arc  of  the  ring  surface.  By 
rotating  the  ring  and  making  repeated  spray 
passes,  the  desired  contour  is  built  up  in  in¬ 
crements  of  explosive,  each  corresponding  to 
an  impulse  load  of  25  taps.  *  Initially,  phenolic 
weighing  coupons  are  mounted  on  both  the  ring 
and  adjacent  surfaces  to  assure  that  identical 
quantities  of  explosive  are  deposited  in  both 
locations.  During  the  actual  spray  application, 
the  coupons  are  only  placed  at  intervals 
adjacent  to  the  ring.  Periodically,  in  the 
spraying  sequence,  the  coupons  are  removed 
and  weighed  to  determine  the  local  areal 
density  of  the  applied  explosive,  and  adjust¬ 
ments  in  the  spraying  sequence  are  made  if 
necessary.  The  impulse  imparted  to  the  test 
object  is  directly  related  to  the  areal  density 
of  deposited  explosive  as  shown  in  Fig.  3. 

This  relationship  has  been  determined  experi¬ 
mentally,  with  individual  impulse  measure¬ 
ments  generally  falling  within  5  to  10  percent 
of  the  empirical  relationship.  The  impulse 
measurements  are  obtained  by  observing,  with 
a  pulsed  x-ray  shadowgraph,  the  velocity 
imparted  to  the  coupon  from  the  detonation  of 
the  explosive  on  the  phenolic  coupon. 


*1  tap  *  dyne-sec/  cm2 


Figure  2.  Spray  arrangement  for  an  axially 
symmetric  structure 


Figure  3.  Impulse  vs  areal  density  for 
Ag2C2 •  AgN03 

An  example  of  the  way  the  explosive  distri¬ 
bution  over  half  of  the  ring  surface  is  checked 
for  accuracy  is  shown  in  Fig.  4.  Impulse 
values  anticipated  from  coupon  weights  and 
measured  from  coupon  firings  were  compared 
to  the  values  desired.  As  an  additional  check, 
the  rigid-body  velocity  imparted  to  the  ring 
structure  was  measured  and  found  to  be  con¬ 
sistent  with  the  desired  cosine  distribution 
of  impulse. 
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X-RAY  SIMULATION  WITH  LIGHT- INITIATED  EXPLOSIVE 


Introduction 

When  a  weapon  structure  ia  exposed  to  x-ray*, 
the  energy  deposited  in  the  surface  material 
may  result  in  its  vaporization  and  subsequent 
blowoff.  This  blowoff  imparts  an  impulse  to 
the  structure  within  a  few  microseconds.  To 
furnish  information  about  structural  behavior 
caused  by  this  loading,  previous  laboratory 
experiments  have  employed  electron-beam 
machines,  magnetically  accelerated  flyer 
plates,  and  strip  explosives  to  simulate  blow- 
off  impulse.  In  the  method  described  here, 
the  weapon  structure  is  spray-painted  with  a 
coating  of  silver  acetylide-silver  nitrate 
(SASN),  a  light-sensitive  explosive.  This 
explosive  combines  initiation  sensitivity  and 
loading  simultaneity  with  the  ability  to  detonate 
in  thin  layers.  When  detonated  by  an  intense 
flash  of  light,  the  explosive  delivers  a  pres¬ 
sure  load  that  simulates  x-ray  impulse  effects 
on  a  test  structure.  This  technique  is  partic¬ 
ularly  useful  for  structures  with  irregular 
surfaces  and  ia  employed  with  other  simulation 
techniques  and  with  underground  experiments 
to  study  weapon  vulnerability. 

This  technique  was  first  developed  at  South¬ 
west  Research  Institute  in  1965  [l,  2].  Early 
work  involved  spraying  the  explosive,  by  hand, 
onto  relatively  small  and  simple  structures. 


FacUity 

A  facility  suitable  for  the  handling  of  primary* 
explosives  is  required  for  spray-painting 
SASN.  The  facility  (Fig.  1)  is  designed  so 
that  all  operations  Involving  significant 
quantities  of  explosive  are  performed  re¬ 
motely.  The  operator  is  protected  by  an 
explosion-proof  window  and  has  access  to  the 
temperature-controlled  spray  chamber  by  a 
pair  of  master-slave  manipulators.  An  ex¬ 
haust  system  draws  over-spray  of  the  explo¬ 
sive  into  a  disposable  filter  that  can  be 
transported  to  an  incinerator  by  a  remotely 
controlled  monorail.  A  similar  monorail  is 
used  to  transport  the  test  object  into  firing 
position.  Here  the  light  source,  an  array  of 


tungsten  wires  powered  by  the  discharge  of  a 
capacitor  bank.  Initiates  the  explosive.  In¬ 
strumentation  is  available  for  measuring 
strain,  acceleration,  pressure,  and  displace¬ 
ment,  and  for  obtaining  both  high-speed 
photographic  and  pulse  x-ray  pictures  of  test 
events. 


Figure  1.  Plan  view  of  facility 

Spray  Application  of  Explosive 

The  SASN  explosive  is  manufactured  in  the 
spray  chamber  by  remote  control  as  the  first 
step  in  each  spray  operation.  A  precipitation 
process  is  employed  in  which  acetylene  gas  is 
dispersed  through  a  solution  of  silver  nitrate 
and  methyl  cyanide.  The  silver  nitrate 
reacts  with  the  acetylene  gas  as  follows: 

3AgN03  +  C2H2  =  Ag2C2  •  AgN03  +  2HNC>3  . 

The  SASN  (Ag2C2  •  AgNOj)  settles  out  as  a 
white  precipitate  and  the  supernatant  fluid 
(nitric  acid)  is  canted  into  a  waste  beaker. 
The  explosive  is  then  washed  with  acetone  to 
remove  excess  nitric  acid  and  other  impuri¬ 
ties.  Acetone  is  used  as  a  carrier  in  the 
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Primary  explosives  can  be  detonated  easily  by  heat  or  shock. 
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subsequent  spray  operation,  since  explosive 
wet  with  acetone  will  not  detonate.  Erythroain- 
B  dye  is  added  to  increase  the  light  absorptive¬ 
ness  of  the  SASN,  thus  improving  its  initiation 
properties. 

The  SASN -acetone  supply  is  stirred  continu¬ 
ously  to  maintain  a  homogeneous  suspension. 

A  peristaltic  pump,  employing  a  squeezing 
action  on  flexible  rubber  tubing,  provides  con¬ 
tinuous  circulation  of  SASN  to  the  valve  of  the 
spray  nozzle.  The  spray  gun  is  mounted  on  a 
reciprocating  carriage  that  can  he  traversed  at 
uniform  speed  across  the  surface  to  be  painted. 
By  the  careful  control  of  spray  parameters 
(i.  e. ,  position,  speed,  pressure,  and  mixture) 
a  uniform  layer  of  explosive  is  deposited  during 
each  spray  pass.  Since  all  these  operations 
must  be  conducted  remotely,  trials  with  inert 
materials  and  simulated  test  shapes  are 
frequently  necessary  to  establish  control  of 
deposition. 


Control  and  Verification 

One  of  the  techniques  used  to  control  explosive 
deposition  is  illustrated  in  Fig.  2.  This  setup 
was  used  to  obtain  an  impulse  varying  as  a 
cosine  over  half  the  surface  of  a  stainless- 
steel  ring.  A  mask  restricts  explosive  deposi¬ 
tion  to  a  narrow  arc  of  the  ring  surface.  By 
rotating  the  ring  and  making  repeated  spray 
passes,  the  desired  contour  is  built  up  in  in¬ 
crements  of  explosive,  each  corresponding  to 
an  impulse  load  of  25  taps.  *  Initially,  phenolic 
weighing  coupons  are  mounted  on  both  the  ring 
and  adjacent  surfaces  to  assure  that  identical 
quantities  of  explosive  are  deposited  in  both 
locations.  During  the  actual  spray  application, 
the  coupons  are  only  placed  at  intervals 
adjacent  to  the  ring.  Periodically,  in  the 
spraying  sequence,  the  coupons  are  removed 
and  weighed  to  determine  the  local  areal 
density  of  the  applied  explosive,  and  adjust¬ 
ments  in  the  spraying  sequence  are  made  if 
necessary.  The  impulse  imparted  to  the  test 
object  is  directly  related  to  the  areal  density 
of  deposited  explosive  as  shown  in  Fig.  3. 

This  relationship  has  been  determined  experi¬ 
mentally,  with  individual  impulse  measure¬ 
ments  generally  falling  within  5  to  10  percent 
of  the  empirical  relationship.  The  impulse 
measurements  are  obtained  by  observing,  with 
a  pulsed  x-ray  s.:  adowgraph,  the  velocity 
imparted  to  the  coupon  from  the  detonation  o. 
the  explosive  on  the  phenolic  coupon. 


*1  tap*  dyne-sec/cm2 


Figure  2.  Spray  arrangement  for  an  axially 
symmetric  structure 


Figure  3.  Impulse  vs  areal  density  for 
Ag2c2 •  AgNOg 

An  example  of  the  way  the  explosive  distri¬ 
bution  over  half  of  the  ring  surface  is  checked 
for  accuracy  is  shown  in  Fig.  4.  Impulse 
values  anticipated  from  coupon  weights  and 
measured  from  coupon  firings  were  compared 
to  the  values  desired.  As  an  additional  check, 
the  rigid-body  velocity  imparted  to  the  ring 
structure  was  measured  and  found  to  be  con¬ 
sistent  with  the  desired  cosine  distribution 
of  impulse. 
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Figure  4.  Coen  per  lean  of  Impulse  from  coupon 
measurements  to  desired  Impulse 

Explosive  Behavior 

The  explosive  is  initiated  through  heating 
caused  by  an  intense  flash  of  light.  Light 
radiating  from  an  arc  formed  around  each 
wire  provides  a  power  input  to  the  explosive 
surface  of  several  hundred  kilowatts  per 
square  centimeter,  causing  explosive  initia¬ 
tion  5  to  6  fiaec  after  arc  formation.  A  100-kJ 
capacitor  system  provides  sufficient  energy 
to  initiate  one  square  meter  of  explosive 
surface. 

Initiation  occurs  independently  at  many  dis¬ 
crete  points  on  the  explosive,  with  initiation 
densities  ranging  from  20  to  300  per  square 
centimeter.  A  detonation  wave  propagates 
from  each  point  until  a  similar  wave  radiating 
from  an  adjacent  initiation  point  is  encountered. 
The  resulting  intersections  generate  high- 
pressure  regions  that  leave  a  visible  pattern 
on  the  surface  of  the  test  item,  as  shown  in 
Fig.  5.  The  dimensions  of  these  patterns  and 
the  detonation  rate  of  the  explosive  (1.2  mm/ 
Msec)  may  be  used  to  determine  the  time 
needed  to  detonate  the  explosive  surface  in  a 
particular  region.  About  0. 4  pse c  would  be 
required  for  the  area  in  Fig.  5,  where  ihere 
are  about  150  initiation  points  for  each  square 
centimeter  of  surface.  Simultaneity  measure¬ 
ments  indicate  that  even  widely  separated 
points  of  a  large  surface  initiate  within  1  p sec 
of  each  other. 


Figure  5.  Magnified  view  of  markings 
left  by  explosive  detonation 


The  detonation  wave  striking  the  surface  is 
not  planar  and  retains  a  shape  imposed  by  the 
discrete  detonation  points.  However,  the 
detonation  wave  strikes  the  entire  surface 
within  1  puce,  which  is  much  shorter  than  the 
rise  time  of  the  structural  response.  C^iartz 
and  tourmaline  gauges  that  average  pressure 
over  several  initiation  points  indicate  that 
average  pressures  up  to  4  kilobars  may  be 
obtained  at  the  structure  surface. 


Experimental  Verification 

The  test  on  the  stainless -steel  ring  (Fig.  2) 
was  performed  to  establish  the  validity  of  the 
photo-explosive  method  for  simulating  impulse 
loading.  This  was  done  by  demonstrating  a 
measured  response  from  the  explosive  test 
that  duplicated  or  closely  followed  the  re¬ 
sponse  predicted  by  elastic  ring  theory,  A 
comparison  of  predicted  and  measured  re¬ 
sponses  is  shown  in  Fig.  6.  The  theory  curve 
comes  from  the  modified  Humprey- Winter 
Modal  solution  to  the  problem  of  elastic 
response  of  a  thin  ring  to  a  pure  impulse 
load.  The  ring  material  had  minimal  strain 
rate  and  strain  hardening  effects  (3).  Strain 
is  shown  during  a  relatively  early  time  when 
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it  ia  dominated  by  a  high-frequency  membrane 
wave.  Similar  comparisons  at  other  locations 
and  at  later  times,  when  bending  strains 
dominate,  are  equally  close.  This  demonstra¬ 
tion  justifies  the  use  of  the  photo-explosive 
process  for  simulating  impulse  loading  so  that 
applications  may  now  include  structures  where 
unknown  material  properties  [4]  or  geometri¬ 
cal  complexity  prevent  complete  analysis. 


Figure  6.  Comparison  of  predicted  and 
measured  strain  for  a  steel 
ring;  explosive  detonation 
occurred  at  T  =  0 


Experiments  on  more  complex  structures 
have  included  lateral  loading  of  nose  segments 
[o]  and  aft  loadings  of  full  vehicles.  A 
toroidal  aft  cover  is  the  most  difficult 
geometry  yet  attempted  [6]  . 


DISCUSSION 

Mr.  O'Heame:  (Martin  Marietta)  I  vaa  a  little 
unclear  aa  to  how  you  located  the  light  sources 
relative  to  the  target? 

Mr.  Benham:  We  have  a  positioning  indicator 
on  the  trolly  of  the  monorail  system  vhich 
remotely  stops  the  carriage  when  It  gets  in 
the  proper  position  In  front  of  the  light 
source  so  this  Is  set  up  prior  to  starting 
the  spray  operation. 

Mr.  O'Heame:  What  I  am  thinking  of  la  when 
you  Initiate  the  explosion  with  your  lights 
lmpulae,  how  are  the  sources  arrayed?  What 
I  was  thinking  of  was  the  problem  you  have 
when  you  have  a  complex  shape  and  you  place 
the  layers  on  there  according  to  the  charge 
you  want,  how  do  you  get  them  initiated 
uniformly?  How  are  the  sourcea  arrayed 
relative  to  tha  target? 
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Mr.  Benham:  The  positioning  of  the  light  source 
with  respect  to  the  explosive  is  not  very 
critical.  We  have  to  be  within  4  to  6  inches 
from  the  surface  of  the  explosive  so  we  have 
some  flexibility.  T^ie  test  object  is  taken 
around  on  the  monorail  and  positioned  in  front 
of  the  light  array  where  these  circles  indicate 
the  light  array  Itself.  We  have  a  position 
indicator  on  the  monorail  system  which  stops 
the  carriage  thats  supporting  the  test  object 
in  front  of  the  monorail  system  at  the  pioper 
position. 
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STRUCTURAL  DYNAMIC  RESPONSE 
TO  HEIGHT-OF-BURS1  AIR  BLAST  LOADING 


H.  F.  Korman,  N.  Llpner,  J.  S.  Chu 
TRW  Systems  Group 
Redondo  Beech,  California 


The  traditional  technique  for  designing  or  assessing  the  hardness 
of  protective  structures  to  air  blast  loads  uses  equivalent  triangular 
pressure  histories  to  represent  the  blast.  This  Introduces  a  degree 
of  approximation  which  can  result  In  hardness  overestimates  or  under¬ 
estimates.  depending  on  the  method  for  determining  the  load  duration 
time.  This  paper  describes  the  development  of  structural  dynamic 
response  factors  for  air  blast  loading  which  considers  the  complete 
pressure  history.  The  loading  Is  based  on  the  most  recent  advances 
in  air  blast  phenomenology  which  provides  a  calculational  procedure 
for  the  determination  of  the  waveform  shape  as  a  function  of  weapon 
yield,  peak  pressure  and  detonation  helght-of -burst. 

The  analysis  modeled  the  structure  as  a  single  degree  of  freedom 
system  with  an  elastic-perfectly  plastic  spring  and  no  viscous  damp¬ 
ing.  For  structure  frequencies  of  Interest,  code  calculation  results 
essentially  collapsed  Into  one  set  of  parametric  curves  which  relate 
the  following  key  variables:  structure  frequency,  weapon  yield, 
pressure  decay  time  parameter,  allowable  ductility  ratio,  and  dynamic 
lead  factor.  These  curves  provide  a  technique  for  design  or  evaluation 
of  structure  components  which  Is  no  more  complex  than  using  the  dynamic 
load  chart  for  triangular  pulses. 


INTRODUCTION 

With  advances  in  the  design  of  nuclear 
hardened  weapon  systems,  it  has  become  increas¬ 
ingly  more  important  to  accurately  assess  the 
hardness  of  protective  structures  to  air  blast 
loads.  The  traditional  technique  fer  design  or 
assessment  [1]  uses  equivalent  triangular  pres¬ 
sure  histories  to  represent  the  air  blast.  This 
introduces  a  degree  of  approximation  which  can 
result  in  hardness  overestimates  or  underesti¬ 
mates,  depending  on  the  method  for  determining 
the  effective  load  duration  time.  This  paper 
describes  the  development  of  structural  dynamic 
response  factors  for  air  blast  loading  wtren 
considers  the  complete  pressure  history.  :ne 
loading  is  based  on  the  .aost  recent  advances  in 
air  blast  phenomenology  [2]  which  provides  a 
calculation  procedure  for  determining  the  wave¬ 
form  shape  as  a  function  of  weapon  yield  W,  peak 
wressure  pm,  and  detonation  helght-of-burst  H06 . 


DYNAMIC  RESPONSE  ANALYSIS 

In  this  study  the  structure  was  consid¬ 
ered  to  be  a  surface  flush  target  (Figure  1) 
which  could  be  modeled  as  a  single  uegree-of- 
freeaom  system  with  an  elastic-perfectly  plas¬ 
tic  spring  and  no  viscous  damping.  The  spring 
resistance  q(x)  is  linear  with  deflection  x 
until  the  yield  deflection  xy  is  reached  [where 

q(x^)  *  Ry  a  and  Then  is  constant  until  the 
peak  deflection  yx^  Is  attained.  Thus,  the  duc¬ 
tility  u  is  defined  as  the  ratio  of  peak  deflec¬ 
tion  to  yield  deflection.  The  elastic  frequency 
f  is  related  to  qy,  x^  and  m  as  shown  in  the 

Figure.  Structure  dynamic  response  was  deter¬ 
mined  for  two  analytical  fits  (termed  simple  and 
direct)  to  the  airblast  loading  *s  defined  in 
Reference  2.* 


*  These  analytic  fits  produce  essentially  the 
same  pressure  Histories  for  a  surface  burst  as 
the  ea- 1 ier  Br ode  triple  exponential  pulses  [3]. 


q.i 
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FIGURE  1.  STRUCTURAL  DYNAMIC  RESPONSE  ANALYSIS  -  SURFACE  PRESSURE  AND  HEIGHT-OF -BURST 


figure  1  sunnarizes  the  calculation*) 
procedure  for  determining  dynamic  response  fac¬ 
tors  (p_/qj  for  a  specified  p_  and  HOB.  A 
w  y  in 

series  of  computer  calculations  generate  u(q  ) 
curves  for  several  values  of  the  frequency  ’ 
for  the  pressure  waveform  associated  with 
p^,  HOt  and  W.  Details  of  structural  dynamic 

response  analysis  are  given  In  many  textbooks 
such  as  [4].  Crossplotting  the  curves  produces 
the  dynamic  response  factors  as  a  function  of  f 
with  h  as  a  parameter. 

If  similar  dynamic  response  charts  were 
required  for  each  and  HOI  which  might  be  of 

Interest,  this  approach  would  be  too  cumbersome 
to  be  of  value,  fortunately  there  1*  a  technique 
fer  generalizing  the  chart  shown  In  figure  1  to 
apply  to  a  significant  range  of  py  and  HOI.  In 

this  manner  at  most  only  a  faw  charts  would  be 
required  for  the  total  range  of  p  and  HOI  which 
might  be  of  Interest.  " 

Consider  the  Initial  slope  Intercept  t^ 

of  the  Brode  pulse  shown  In  figure  1.  This  na- 
rameter  Is  an  approximate  measure  of  the  time 
scale  of  pressure  decay  for  various  p_.  In  the 
1/3  * 

same  manner  that  M  '  Is  an  exact  measure  of  this 
thee  scale  for  a  given  pa  and  HOI.  Thus  a  natu¬ 
ral  approach  for  attesting  to  generalize  the 
dynamic  response  was  through  the  parameter  ft^ 

or  alternatively  the  parameter 


whore  t*  Is  the  value  of  t„  for  *  1HT  burst  and 
00  00 

W  •  1HT.  As  will  be  seen  In  the  next  section, 
this  approach  was  quite  successful. 

The  variation  of  t’  with  p_  for  several 

OO  In 

HOB  Is  shown  In  figure  2.  The  figure  Is  based  on 
[5]  which  contains  data  for  additional  HOB.  Also 
shown  In  Figure  2  Is  total  impulse  Intercept  tj 

which  It  the  Intercept  of  a  linearly  decaying 
puls*  with  the  same  Impulse  per  unit  area  as  the 
pressure  waveform. 

Brode  puls*  results  will  be  compared  to 
zero  rise  time  triangular  puls*  results  which 
appear  in  the  literature  In  the  fona  of  dynamic 
load  charts  (e.g.,  [1]).  Two  Intercepts  will  be 
considered,  tM  (Initial  slop*  related)  and  tj 

(impulse  related). 

RESULTS  ANO  DtSCUSSIOH 

Since  Brode  presents  two  approximations 
for  air  blast  pulses.  It  It  of  Interest  to  com¬ 
pare  structural  response  results  for  each  approxi¬ 
mation.  figures  3  and  4  present  such  results  for 
two  sets  of  parameters.  Each  comparison  shows 
little  difference  between  the  two  approximations. 
The  essential  difference  between  the  two  figures 


Is  that  in  figure  4  the  parameters  (H06**1000  ft. 
p  *  3000  psl)  correspond  approximately  to  the 

m 

optimal  HOB  condition  (largest  ground  range  for 
achieving  the  pa  value),  while  In  Figure  3  the 

conditions  are  below  optimal  HOB  (HOB  •  1000  ft, 
PM*  1000  psl).  It  should  be  noted  that 

HOB  *  1500  ft  Is  the  approatmet*  optimal  condi¬ 
tion  for  1000  psl.  Thus,  from  a  structural  res¬ 
ponse  viewpoint,  It  makes  little  difference 
whether  the  simple  or  direct  fit  Is  used.  Bred* 
puls*  results  In  Figures  5-7  discussed  below  were 
generated  using  the  direct  fit. 

Structural  response  analyses  were  conduct¬ 
ed  for  1MT  and  peak  pressures  ranging  from  300  to 
3000  pel.  loth  surface  and  air  bursts  with  HOB's 
at  high  as  3000  ft  ware  considered.  When  the  re¬ 
sponse  ratio  py/dy  was  displayed  as  a  function  of 

ftM  with  »  at  a  parameter,  the  curves  essen¬ 
tially  collapsed  upon  oocb  other  fer  ftM>0.1. 

Figure  S  shows,  for  three  values  of  »,  the  band 
within  which  the  results  collapsed.  The  devia¬ 
tion  at  ft„  becomes  stall  are  to  be  expected 

because  the  response  becomes  more  sensitive  to 
ftj  at  f  It  reduced.  It  should  be  noted  that 

for  most  hardened  targets  of  Interest,  ftM  will 

be  Urge  enough  to  permit  the  us*  of  *  single 
set  of  curves,  for  this  region  a  hardness 
evaluation  technique  besed  on  these  Brode  pulses 
It  no  more  complex  than  the  dynamic  load  chart 
for  triangular  pulses. 

A  comparison  of  the  Brode  puls*  results 
(for  •  surface  burst  at  fm  •  1000  psl)  with  the 

two  types  of  triangular  pulses  It  presented  In 
figure  B.  It  1$  seen  that  at  high  frequency  the 
loo  approximation  is  adequet*.  However, 

In  the  lower  frequency  region  the  initial  slop* 
response  ratios  Increase  faster  as  ft^  Is  de¬ 
creased  than  do  the  Brode  pulse  curves.  For 
example,  given  a  1KT  surface  burst  at  1000  psl, 
a  structure  frequency  of  (0  cps  (ft^  *  1),  and 

ductility  o*  5,  the  t^  triangle  approximation 

will  yield  a  response  Itt  lower  than  that  of  tha 
Brode  puls*.  Whether  or  net  a  hardness  evalu¬ 
ation  using  t^  triangles  will  be  significantly 

unconsarvatlv*  can  be  determined  from  Figure  5. 

On  the  other  hand,  the  impulse  triangle  puls* 
curves  fall  off  much  more  slowly  than  Brode  puls* 
curves  as  ft„  Is  decreased.  Preserving  total 

impulse  with  triangular  pulses  thus  produces  re¬ 
sults  which  are  too  conservative  for  the  ft^ 

rang*  shown  in  the  Figure.  For  very  small  ft^, 

the  curves  mist  begin  to  converge  agein  because 
the  response  is  impulse  sensitive.  The  advan¬ 
tage  1r.  using  Brode  puls*  results  Instead  of 


•Heights  of  Burst  discussed  In  this  section  art 
referenced  to  1HT  conditions. 
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FIGURE  3.  STRUCTURAL  RESPONSE  COW  ARISON  FOR  SIMPLE  AW  DIRECT  FIT  RROOE  PULSES, 
sue -OPTIMAL  HOe. 


FIGURE  4.  STRUCTURAL  RESPONSE  COMPARISON  FOR  SIMPLE  AND  DIRECT  FIT  BROOE  PULSES,  OPTIMAL  HOB 


FIGURE  5.  BROOE  RESPONSE  RESULTS  FOR  A  RANGE  OF  PEAK  PRESSURES  AND  HOR'S, 


PULSES,  AND  IMPULSE  TRIANGLES 


those  for  the  equivalent  triangles  Is  clearly 
demonstrated,  especially  for  low  yield  conditions. 

CONCLUSIONS 

The  above  discussion  has  shown  that  the 
Brode  pulse  results  can  be  simply  and  accurately 
used  for  struccural  dynamic  response  to  air  blast 
loading.  Hence.  It  Is  rec amended  that  Figure  7 
(generated  using  the  direct  fit  Brode  pulse  with 
p^  ■  1000  psl  and  surface  burst  conditions)  be 

used  for  design  and  hardness  assessment  of  pro¬ 
tective  structures  for  a  pressure  range  from  200 

to  MOO  psl  and  HOB  range  up  to  3000  (U/W.j'^ft 
(M,  *  1HT).  Results  are  only  shown  for  ftM>0.3 

to  preclude  any  significant  errors  with  the  col¬ 
lapse  technique.  The  accuracy  of  the  curves  out¬ 
side  this  region  has  not  been  Investlgatadi  other 
pressure  levels  are  of  limited  Interest. 
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Hr.  O'Haarna:  (Martin  Marietta)  You  Juat 
remarked  that  tha  curvea  ara  quit#  applicable 
and  n y  paraonal  feeling  of  tnaacurlty  la  In 
tha  modeling  of  thla  head  etructure  and  almllar 
etructuraa  aa  alngla  dagraa  of  freedom  alaatlc/ 
plaatlc  eye tea*  porhapa  you  could  coanont  on 
that? 


Mr.  lorman:  (TIM  Syataae)  Yea,  1  aald  that  our 
work  taka a  out  Juat  one  element  of  tha  art  In 
thla  activity.  You  ara  quit*  correct  In  point¬ 
ing  out  tha  other  alanent  that  la  exceedingly 
Important  which  la  tha  choice  of  your  ay a tan 
Parana t era .  That  la  really  torn* thing  which 
la  baaed  on  a  lot  of  civil  engineering  experi¬ 
ence,  bat  la  a one  of  our  application*  wa  have 
teat  data  alilch  denonatrataa  what  tha  funda¬ 
mental  node  la  and  than  wa  can  pick  out  tha 
frag nancy.  One  can  uaa  a t and* r d  civil 
engineering  practice,  whara  atatlc  calculation* 
ara  need  to  determine  chaaa  raalatanc*  force*. 
Ha'va  alao  dona  atructural  reaponae  analyala 
with  finite  element  coda*  to  pin  down  what 
tha  primary  nodaa  ara  and  again  It  la  a  nodal 
analyala  that  counta  and  guaaalng  tha  right 
raalatanc*  fore*  la  a  key  factor  which  la  atlll 
an  art  or  aoam thing  baaed  on  on*' a  engineering 
Judgment  and  experience*. 
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C.  A.  Ross 

University  of  Florida  Graduate  Engineering  Center 
Eglin  Air  Force  Base,  Florida  32542 


W.  S.  Strickland 

U.  S.  Air  Force  Armament  Laboratory 
Eglin  Air  Force  Base,  Florida  32542 


This  paper  presents  the  results  of  an  effort  to  deter¬ 
mine  failure  of  flat  plates  subjected  to  mild  impulsive 
loadings  generated  by  a  fuel  air  explosive.  A  membrane 
model  based  on  a  total  plastic  strain  energy  function,  a 
rigid  strain  hardening  constitutive  relation  and  an  assum¬ 
ed  final  deformed  shape  was  used  to  derive  an  equation  of 
motion  for  the  plate  centerpoint  deflection.  Controlled 
fuel  air  explosions,  contained  in  a  gas  bag,  were  used  to 
produce  blast  loadings  on  square  aluminum  plates  with  fix¬ 
ed  edges .  A  dynamic  shadow  Moire  technique  was  used  to 
observe  plate  deformation  modes.  Plate  failure  occurred 
as  a  result  of  gross  deformation. 


INTRODUCTION 

Response  of  plates  to  impulsive 
1  ;ads  is  usually  described  in  terms  of 
two  rather  distinct  mechanisms,  i.e.,  a 
static  mode  in  which  the  plate  deforms 
under  a  rather  continuous  pattern 
throughout  the  deflection  process  and 
a  plastic  hirge  mode  in  which  the  in¬ 
itial  deformation  is  by  a  traveling 
plastic  hinge  associated  with  stress 
wave  propagation.  The  demarcation  be¬ 
tween  the  fo  mechanisms  has  been  de¬ 
fined  in  one  case  [1]  in  terms  of  the 
characteristic  period  of  elastic  vibra¬ 
tion  and  the  positive  pressure  phase  of 
the  impulsive  load.  In  this  case  if 
the  positive  pressure  phase  of  the  load¬ 
ing  exceeds  one  quarter  of  the  charac¬ 
teristic  period  of  the  plate  then  the 
pla*e  will  respond  in  a  vibratory  man¬ 
ner.  If  the  positive  pressure  phase 
of  the  loading  is  less  than  a  quarter 
of  the  elastic  characteristic  period  of 
the  plate  then  a  plastic  hinge  will 
form  at  the  boundaries  and  will  move  to¬ 
ward  the  central  portion  of  the  plate. 


Abrahamson,  et  al,  [2]  assumed  only 
bending  in  circular  plates  and  describe 
the  dividing  region  between  the  static 
and  traveling  plastic  hinges  mechanisms 
in  terms  of  the  static  collapse  load 
based  on  the  plastic  moment  required  to 
produce  a  plastic  hinge.  In  this  case 
if  the  maximum  overpressure  of  the 
loading  is  less  than  twice  the  static 
collapse  pressure  the  static  mechanism 
is  operative  and  if  the  maximum  over¬ 
pressure  is  greater  than  twice  the 
static  collapse  load  then  the  traveling 
hinge  mechanism  is  assumed  to  operate. 
Results  of  reference  [2]  indicate  that 
bending  alone  is  not  sufficient  to  pre¬ 
dict  large  plate  deformation  and  mem¬ 
brane  forces  must  be  taken  into  account 
in  the  analysis.  Cox  and  Morland  [3] 
using  the  same  general  assumption  of 
reference  [2]  determined  the  total  cen¬ 
tral  deflection  of  simply  supported 
square  plates  subjected  to  mild  impul¬ 
sive  loads.  Hudson  [4]  was  probably 
the  first  to  observe  the  hinge  mechanism 
in  thin  circular  diaphragms  subjected 
to  blast  loadings  and  developed  a 
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simplified  theory  in  which  both  radial 
and  circumferential  stresses  were  con¬ 
sidered.  Figure  1  shows  the  deforma¬ 
tion  process  for  both  the  static  and 
traveling  hinge  cases.  A  general  dis¬ 
cussion  of  the  response  of  circular 
plates  subjected  to  impulsive  loads  is 
given  by  Cristescu  [5].  The  response 
of  rectangular  plates  is  a  much  mo’-e 
complicated  phenomena  and  several  com¬ 
puter  studies  such  as  those  by  Kay  [6] 
and  Buffington  [7]  are  available. 
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flat  plates  to  loadings  associated  with 
fuel  air  explosions.  The  impulsive 
loadings  associated  with  fuel  air  ex¬ 
plosion  are  mild  in  comparison  to  near 
field  loads  of  a  high  energy  explosion. 
Pressure-time  curves  of  a  reflected 
fuel  air  explosion  are  characterized  by 
low  peak  over  pressures  up  to  approxi¬ 
mately  1000  psi  and  a  positive  pressure 
phase  durations  of  one  to  twenty  milli¬ 
seconds.  The  peak  reflected  over¬ 
pressure  is  a  constant  for  a  given  fuel 
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(a)  (b) 

Fig.  1.  DEFORMATION  MECHANISM  FOR  (a)  THE  STATIC  CASE  AND 
vb)  FOR  THE  TRAVELING  PLASTIC  HINGE  CASE. 


Dynamic  response  as  described  in 
previous  paragraphs  is  concerned  with 
deformation  of  the  plate  and  plate 
failure  or  rupture  occurs  as  a  result 
of  large  stresses  or  strains  due  to 
gross  deformations  or  stress  wave  inter¬ 
action.  As  the  impulsive  load  becomes 
more  severe  failure  occurs  at  boundar¬ 
ies  without  appreciable  deformation  of 
the  central  portion  of  the  plate.  This 
phenomenon  is  described  bv  Sewell  and 
Kinr.ay  Cl]  and  the  failure  is  assumed 
to  occur  when  the  initial  "elocity  of 
the  plate  exceeds  the  critical  parti¬ 
cle  velocity  [8]  of  the  plate  material. 
This  phenomenon  is  very  similiar  to  a 
shear  failure  mechanism  observed  by 
Menkes  and  Opat  [9]  in  aluminum  beams 
subjected  to  intense  impulsive  loads. 

The  fundamental  purpose  of  this 
study  is  to  determine  the  response  of 


air  mixture  [10]  and  the  positive  pres¬ 
sure  phase  duration  is  dependent  on  the 
cloud  size.  This  type  loading  is  term- 
el  a  mild  impulsive  load  for  this  study 
and  its  effect  on  ductile  rectangular 
metal  panels  of  sizes  found  in  metal 
buildings,  aircraft,  radar  vans,  etc. 
is  the  major  subject  of  this  paper. 

The  positive  pressure  phase  duration  of 
the  fuel  air  explosion  is  approximately 
equal  to  a  quarter  of  the  characteristic 
period  of  many  panels  found  in  the  above 
mentioned  items.  This  then  places  the 
response  of  these  pane's  in  a  region 
roughly  between  the  static  and  travel¬ 
ing  plastic  mechanisms  discussed  pre¬ 
viously.  The  final  deformed  shape  of  a 
plate  obtained  by  either  mechanism,  as 
shown  in  Figure  1,  is  characterized  by 
gross  deflection  due  to  plastic  defor¬ 
mation.  Therefore,  it  could  be  assumed 
that  plate  failure  is  dore  dependent  on 
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thi*  gross  deflection  than  the  manner 
in  which  the  deflection  was  obtained. 
Using  this  assumption  the  following 
analysis  is  given. 


ANALYSIS 

The  basic  assumption  as  stated  be- 
fore  is  that  the  plate  deflection  at 
failure  is  mure  important  than  the  man* 
ner  in  which  that  deflection  took  place. 
It  is  further  assumed  that  only  mem¬ 
brane  forces  are  acting  and  that  the 
plastic  strain  and  associated  plastic 
energy  is  much  larger  than  the  elastic 
energy.  The  latter  assumption  leads  to 
the  use  of  a  rigid-strain-hardening  con¬ 
stitutive  relation  as  shown  in  Figure  1. 


Fig.  2.  ASSUMED  STRESS  STRAIN  CURVE  FOR 
ANALYSIS  OF  TLAT  PLATES  (MEM¬ 
BRANES). 


The  basic  approach  used  in  this  analysis 
is  to  1)  assume  some  deformed  ..ode  shape 
in  terms  of  the  undeformed  dimensions  of 
Figure  3,  2)  calculate  the  kinetic  en¬ 
ergy,  the  dissipative  functions  (plastic 
energy)  and  generalized  forcing  function 
in  terms  of  the  undeformed  plate  dimen¬ 
sions,  3)  apply  a  Lagrangian  formulation 
tc  obtain  the  equation  of  motion,  and  4) 
apply  a  maximum  allowable  strain  to  de¬ 
termine  plate  failure  in  terms  of  the 
plate  center  point  deflection. 

The  assumed  deflections  are  given 

as , 

u  *  u0sin^Scos^£ 

v  *  v0sin2XcosI*  (1) 

b  2a 

w  «  w0eos|2cos|i  , 

where  u,  v,  and  w  are  the  deflections  in 


y 


the  x,  y,  and  z  directions  respectively, 
uc  and  v0  are  the  maximum  deflections  in 
the  x  and  y  directions  respectively,  and 
we  the  plate  center  point  deflection  in 
the  z  direct  on.  The  assumed  deflection 
equations  satisfy  the  boundary  condi¬ 
tions  of  a  ■  *mbrane  with  no  translation 
at  the  boundaries.  Under  the  assumption 
of  no  bending,  rotation  may  occur  at  a 
so  called  fixed  boundary.  Assuming  a 
plane  stress  case  the  stresses  are  writ¬ 
ten  as 

"X  *  °Y  ♦  5~r<*x-vcy> 


Oy  °Y  *  T^T(ty*“cx>  (:> 


S^y  «  (Sy*X*Yxy) 


where: 

o  normal  stress 

s  shear  6tress 

'1Y>SY  yield  stresses 

c  *  strain 

T  shear  strain 

X  work  hardening  slope  for 
normal  stresses 

XI  work  hardening  slope  for 
shear  stresses  =  X/2(l*u) 

u  Poisson's  ratio 

Neglecting  all  the  second  order  terms 
except  the  squares  apd  products  of  the 
3w  3w 

terms  yj  ,  ,  the  strain  equations 

become 


107 


Cj,  »  —  ♦  1  (— \ 

*  a*  2  \*x) 


&  (Hj*  (Hi)  * F,i 


(7) 


*y 

Txy 


(3) 


Defining  the  dissipative  furction  or 
plastic  energy  per  unit  volume  «•  the 
area  under  the  stress  strain  curve  the 
total  plastic  energy  PE  is  expressed  as 


t  ** 

/♦bp 

*  /  . 

1  kY<«x»*y 

-a  • 

>)  L  1 

1 

<tx,*cy,*2Mt: 

jd-u1) 

•*Yxy  * 

d*dy 

where  q^  represents  the  generalized 
coordinates  u0,  v0,  and  w0,  the  equa- 
tions  of  motion  for  the  plate  may  be 
determined.  Performing  t.ie  proper 
steps  as  called  for  in  Equation  (7) 
leads  to  three  coupled  nonlinear  differ¬ 
ential  equatiens  prescribing  the  de¬ 
flections  of  the  aembreae.  These  equa¬ 
tions  are  omitted  here  and  the  assump¬ 
tion  that  u  and  v  are  snail  in  compari¬ 
son  to  w  is  imposed.  Applying  this 
assumption  to  all  the  preceeding  Equa¬ 
tions  (1)  to  (•)  and  substituting  the 
results  into  Equation  (7)  the  equation 
of  motion  for  a  rectangular  plate  (mem¬ 
brane)  of  site  J#x2bxh  subjected  to  a 
pressure-time  load  of  p(t)  becomes. 


*  [tutii-wnffi  *&*£*)  <•> 


and  the  kinetic  energy  k£  can  be  deter¬ 
mined  from 

KE  »  —  /  /  (w*eu,*v* )dxdy  , 

2  -a  -b  ( S) 

where  m  is  the  mass  density  per  unit 
volume  and  h  is  the  plate  thickness. 
Substituting  Equations  (3)  into  Equation 
CO,  Equation  (1)  into  Equation  (S)  and 
integrating  both  results  gives  express¬ 
ions  for  PE  and  KE  in  terms  of  the  dis¬ 
placements  u0.  v0,  and  wQ  and  their  time 
derivatives. 

The  blast  picssure  p(t)  is  assumed 
to  act  as  a  uniformly  distributed  load 
over  the  area  of  the  plate  and  the  gen¬ 
eralized  force  is  determined  from  the 
virtual  work  4W  of  the  pressure  force 
moving  through  a  virtual  displacement 
4w.  In  that  the  pressure  force  is 
assumed  to  act  only  in  the  z  direction 
the  generalized  force  is  associated  with 
only  the  generalized  coordinate  wQ  and 
is  found  from  the  expression, 

r“oSwo  *  /  /  |p(t )l54w°l  dxdY-  <6) 

-a  -b  t  o  j 

The  other  generalized  forces  associated 
with  u0  and  v0  are  zero  due  to  zero 
forces  in  the  direction  of  the  virtual 
displacements  6u0  and  4vQ. 

Defining  the  Lagrangian  l  as  l  • 

KE  -  PE  and  the  Lagranglan  equation  of 
sKstlon  as 


where  p  is  the  specific  density  in 
weight  per  unit  volume  and  g  is  the 
ravitational  constant.  The  Integral 
nvolving  the  shear  yield  stress  sy  is 
zero  when  integrated  over  the  entire 
plate  area. 

Previous  tests  indicate  that  the 
reflected  pressure  for  a  controlled 
fuel  air  explosion  closely  approxi¬ 
mates  an  exponential  decay  function  of 
the  following  form. 

p(t>  »  P»ax<l-t/t>e"*t/t  .  <9> 

when 

Pmax  *  P««k  reflected  over  pressure 

t  *  time 

t  •  duration  of  the  positive 

pressure  phase 

a  •  decay  term. 

A  schematic  of  a  typical  pressure-time 
function  used  in  this  analysis  is  shewn 
in  figure  **. 

A  failure  criteria  based  on  an 
ultimate  material  elongation  (strain) 
cu  for  a  uniaxial  stress-strain  diagram 
may  be  determined  from  Equations  (1)  and 
(3).  Using  the  assumed  deflection  equa¬ 
tions  (1)  the  strains  are  largest  at  the 
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EXPERIMENTAL  PROCEDURE 
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Pi*,  4.  TYPICAL  PRESSURE-TIME  CURVE 
USED  IN  PLATE  ANALYSIS. 


midpoints  of  the  sidaa.  For  a  square 
plata  the  strain  would  raach  a  maximum 
at  tha  aidpointa  of  all  four  sidaa.  In 
tanas  of  tha  cantar  point  diaplacaaant 
w0  tha  strains  at  tha  aidpointa  of  tha 
sidaa  bacoaa 


Using  tha  ultiaata  strain  cu  tha  maxi¬ 
mum  cantar  point  daflaction  w0u  corres¬ 
ponding  to  ultimata  strain  or  failure 
may  be  determined.  For  example  if  b  is 
tha  smaller  side  dimension  ty  would 
approach  tu  before  cx  and  the  center- 
point  deflection  for  this  condition 
becomes 

Wqu  *  /2  c  u  .  (11) 

As  is  typical  of  a  membrane  analysis  the 
maximum  deflection  of  Equation  (11)  is 
independent  of  the  plate  thickness. 

Equation  (8)  above  holds  for  time 
of  0  <  t  <  t  and  a  similiar  equation 
with  Bie  right  hand  sida  equal  to  zero 
would  hold  for  t  >  t  but  due  to  the 
long  duration  t  the  deflection  of  tha 
plates  tasted  reached  a  maximum  bafora 
tha  end  of  tha  pressure  loading.  For 
this  reason  tha  aquation  of  motion  for 
t  >  t  is  omitted. 


Controlled  explosions  contained  in 
a  gas  bag  used  previously  in  development 
of  fuel  air  explosive  devices  til],  were 
used  to  produce  blast  loadings  on  square 
2024-T3  aluminum  plates  with  fixed 
edges.  A  metal  tube  framework  4'x4'20' 
covered  with  sheet  plastic  for  each  test 
was  used  as  the  fuel-air  container.  The 
test  panel  was  mounted  on  a  stand  made 
of  one  inch  thick  steel  plate  and  bolted 
to  a  thick  concrete  pad.  As  shown  in 
Figura  the  upright  part  of  the  test 
stand  was  designed  to  accommodate  an 
18"xl8"  square  panel.  The  panel  was 
bolted  on  all  four  edges  by  one  half 
inch  diameter  bolts  passing  through  the 
test  panel  and  test  stand  to  prevent 
slippage.  A  friction  device  was  also 
used  on  the  edges  of  the  plates  and  a 
specified  torque  was  applied  to  the  re¬ 
taining  bolts. 

After  the  container  or  bag  was  in 
place  the  following  procedure  was  used: 

1)  place  one  hundred  grams  of  red 
data  sheet  and  a  primer  cap  at  the  end 
of  the  bag  opposite  the  test  panel, 

2)  charge  the  bag  with  two  pounds 
of  MAPP  gas, 

3)  allow  ten  minutes  for  mixing 
using  an  electric  fan  sealed  in  the  bag 
during  fabrication, 

4)  clear  the  area  and  detonate 
deta  sheet  from  remote  control  in  block 
house . 

Upon  detonation  of  the  deta  sheet 
(Initiator)  a  detonation  wave  in  the 
fuel  air  mixture  was  established  and 
moved  down  the  gas  bag  as  a  planar 
wave  impinging  on  the  test  stand  and 
test  panel  at  the  opposite  end.  Both 
side  on  and  reflected  pressures  were 
recorded  using  piezoelectric  pressure 
gages  and  associated  recorders.  Pres¬ 
sure  measurements  were  made  at  the 
stations  indicated  in  Figure  S. 

A  dynamic  shadow  Moire  technique 
similiar  to  that  of  Beynet  and  Plun¬ 
kett  [12]  was  used  in  an  effort  to 
determine  a  deflection  time  relation 
for  the  test  panels.  A  search  light, 
a  high  speed  camera  and  a  Moire  grid 
arranged  in  the  manner  shown  in  Figure 
S  was  used  for  this  test.  The  tests 
were  performed  during  the  day  and 
scattered  light  and  reflections  from 
the  plexiglass,  used  to  hold  the  grid, 
caused  some  problems.  Due  tu  the  light 
problems  only  qualitative  data  was 
obtained. 
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rig.  5.  TEST  EQUIPMENT  TOR  CONTROLLED 
EUEL  AIR  EXPLOSION.  PRESSURE 
TRANSDUCERS  1.  2,  3,  H  MEASURE 
STATIC  PRESSURE  ON  GROUND. 
PRESSURE  TRANSDUCERS  5,6,7 
MEASURE  REJECTED  PRESSURE. 


A  typical  experimental  pressure 
time  curve  for  the  reflected  pressure 
of  a  controlled  fuel  air  explosion  is 
shown  in  figure  7.  The  average  re¬ 
flected  peak  overpressure  for  the  de¬ 
tonation  wave  of  all  the  gas  bag  ex¬ 
periments  flush  with  the  test  stand  was 
100  psi.  This  agrees  very  well  with 
predicted  values  obtained  by  Nicholls 
[13]  and  also  reported  in  Reference  10. 
The  pressure’time  curve  of  figure  7  is 
representative  of  the  reflected  pressure 
whan  the  bag  is  positioned  iasaediately 
adjacent  to  che  test  panel.  The  mc~ni- 
tudes  of  the  peak  overpressure  pv\x  were 
varied  by  moving  the  bag  to  specified 
distances  away  from  the  panel.  The 
effeet  of  this  change  on  the  decay  term 
e  was  quite  email  and  the  decrease  in 
the  peak  overpressure  resulted  in  a  re¬ 
duction  of  the  maximum  impulse  as  shown 
in  Table  I. 

Solutions  of  Equation  •  were  ob¬ 
tained  for  ll”xll"  202S-T3  square 
aluminum  panels  of  variable  thickness 
using  the  staterial  properties  obtained 
from  Reference  IS.  These  properties 
are  listed  with  tebulated  results  in 
Table  1.  Experimentally  determined 
values  of  Pam,  t,  «  were  used  in  the 
pressure  tine  function  of  Equation  9. 

Due  to  the  large  amount  of  plastic  de¬ 
formation  a  Poisson's  ratio  of  0.S  was 
used  in  the  calculations.  An  analog 
simuletitn  program  using  a  fourth  order 
Rungs- Kutta  technique  [15]  was  used  in 
the  solution  of  Equation  9.  Reasonable 
agreement  between  the  analytical  pre¬ 
dictions  and  experimental  results  was 
obtained  end  is  shown  in  Figure  t. 

The  ultimate  center  point  deflec¬ 
tion  wou  corresponding  to  a  strain  of 
cu  at  the  edge  of  the  plate  was  calcu¬ 
lated  using  Equation  10  and  an  ultimate 
strain  of  0.12  to  0.17.  The  range  of 
strain  produces  a  band  of  (w0>m«Xt 
shown  also  in  figure  I,  above  which 
failure  is  assumed  to  occur.  The  solid 
symbols  cf  figure  I  indicate  plate  fail¬ 
ure,  however  they  are  plotted  at  the 
deflection  point  calculated  using  Equa¬ 
tion  9. 

Plat*  failure  started  as  a  crack 
at  the  edge  of  one  uf  the  sides  of  the 
plate  and  progressed  around  the  edges 
end  curving  around  the  corners  of  the 
panel  as  shown  in  photograph  of  figure 
9.  Any  crack  formation  was  considered 
a  failure  in  Table  1.  The  failed  sur¬ 
faces  at  the  initial  crack  -oening  were 
typical  of  a  uniaxial  tensiie  failure 
of  flat  sheet. 
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Using  the  Moire  technique  discusssd 
previously  it  was  determined  that  the 
initial  deflection  was  a  traveling  hinge 
siechanism  as  that  shown  in  Figure  lb. 
Using  a  high  speed  camera  running  at 
approximately  40,000  frames  per  second 
a  sequence  of  Moire  fringee  were  photo¬ 
graphed  and  several  frames  of  this  high 
speed  film  are  shown  in  Figure  10.  Due 
to  the  poor  resolution  of  the  film  the 
innermost  fringe  hae  heen  highlighted 
by  hand.  The  abeence  of  fringes  in  the 
central  portion  of  the  plate  indicates 
an  area  of  uniform  deflection  whereas 
the  fringes  on  the  sides  of  the  plate 


show  a  rather  uniform  linear  deflection 
distribution.  Each  frame  in  Figure  10 
represents  approximately  half  of  the 

plate  area. 

The  solution  of  Equation  9  shows 
that  the  maximum  deflection  w0mtx 

occurs  at  about  half  the  positive  pres¬ 
sure  phase  duration.  This  was  verified 
experimentally  by  observing  the  number 
of  frames  in  the  high  speed  film  re¬ 
quired  for  the  total  deflection  process. 

Strain  rate  effects  were  neglected 
in  this  analysis,  however  the  strain 


III 


rate  is  in  the  order  of  10?/sec  and  fer 
materials  other  than  aluminum  the  chan* 
ges  in  the  yield  stress  ov  and  the  ul¬ 
timate  strain  cu  may  ba  significant. 
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CONCLUSIONS 

The  deflection  mechanism  mode  for 
thin  plates  or  membranes  subjected  to 
a  fuel  air  explosion  is  initially  one 
of  a  traveling  plastic  hinge  with  uni¬ 
form  bulging  in  the  center  portion  of 
the  plate  at  the  latter  stages  of  the 
deformation  process.  An  equation  of 
motion  based  on  a  static  mechanism  gave 
very  good  predictions  of  maximum  center 
point  deflection  and  plats  failure  for 
the  square  aluminum  plates  tested.  De¬ 
flection  and  failure  for  large  thin 
plates  (membranes)  are  very  dependent 
on  blast  peak  overpressure  and  decay 
rate  for  mild  impulsive  loads.  Increas¬ 
ed  peak  overpressure  may  causa  other 
deformation  mechanisms  to  be  operative 
but  the  peak  overpressure  causing  fail¬ 
ure  predicted  by  the  membrane  model  will 
be  the  lower  bound  for  plate  failure. 


Fig.  7.  EXPERIMENTALLY  DETERMINED 

PRESSURE  TIME  CURVE  FOR  A  CON¬ 
TROLLED  FUEL  AIR  EXPLOSION. 


Fig.  S.  MAXIMUM  PLATE  DEFLECTION  AS  A  FUNCTION  Or  PRESSURE/THICKNESS  RATIO. 
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TABLE  I.  EXPERIMENTAL  DATA  TOR  2024-T3  ALUMINUM  PLATES 


~T - 

(IN) 

wmax 

(IN) 

- mm — 

FAILURE 

Pmax 

psi. 

EExIQ'3 

"  T  1  " 
Amax 

psi-rosec 

- jp 

FT. 

.071 

N/A 

YES 

800 

11.30 

220 

0 

.090 

N/A 

YES 

800 

8.90 

220 

0 

.12S 

2.45 

NO 

800 

6.40 

220 

0 

.125 

2.50 

NO 

800 

6.40 

220 

0 

.071 

2.80 

NO 

600 

6.45 

130 

3 

.090 

2.75 

NO 

600 

6.6? 

130 

3 

.063 

3.00 

NO 

600 

9.52 

130 

3 

.071 

2,70 

NO 

600 

9.45 

130 

3 

.050 

1«/A 

YES 

600 

12.00 

130 

3 

.125 

1.98 

NO 

600 

4.80 

130 

3 

h  ■  plate  thickness 

(inches) 

T  ■  approximately  1.5  msec  for 

all  tests 

•in  ■  maximum  plat*  deflection  (inches) 

X  »  147,000  psi 

IB  *  total  reflected  impulse  (psi-nsec) 

Oy  >  43,000  psi 

D  ■  distance  from  plate  to  gas  bag  (ft) 

p  a  o.l  lb/in3 

Paax  a  peak  reflected  over  pressure  (psi) 

X‘  a  X/2(l*u) 

a  a  9  in  (18”  square  plate)  for  all  tests 


Fig.  9.  TYPICAL  PLATE  FAILURE. 
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FRAME  REPRESENTS  APPROXIMATELY  HALF  OF  THE  DEFORMED  PLATE.  NUMBER¬ 
ING  SEQUENCE  REPRESENTS  INCREASING  TIME.  THE  FIGURE  IS  INTENDED 
FOR  QUALITATIVE  OBSERVATIONS  ONLY,  HOWEVER  APPROXIMATE  TIME  BETWEEN 
FRAMES  IS  0.025  MILLISECONDS  AND  THE  FRINGE  CONSTANT  IS  APPROXIMATELY 
0.125  IN. 
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DISCUSSION 

Mr.  Korean:  (TRW  Systems)  What  was  the  Incident 
pressure  that  goes  along  with  your  Figure  77 

Ik.  Rots: (University  of  Florida  Grad.  Bng.  Ctr. 

Eglln  AFB)  Roughly  about  300  pal. 

In  a  shock  wave  in  air  the  reflected  pressure 
should  be  around  2000  pal,  right? 

Mb.  Korean:  Right! 

Mr.  Rees:  to  it's  quite  different. 

Mr.  Kerman:  lea  many  pounds  of  explosive  were 
you  using? 


Nr.  Rose:  It's  a  fual/alr  mixture  end  we  only 
used  about  20  grams  of  data  sheet  as  initiator 
and  t  think  there  Is  only  3  lbs.  of  map  gas  in 

a  beg. 

Mr.  Korean:  I  was  wondering  whether  in  fact 
your  Instrumentation  wasn't  picking  up  the 
peak  pressure  as  opposed  to  not  getting  the 
appropriate  reflection  factor  because  I  would 
guess  that  you  had  a  sufficiently  small  gas  to 
air  ratio  such  that  you  should  get  a  reasonably 
close  shock  wave  in  air  and  should  in  fact  gat 
that  factor  of  6. 

Mr.  Ross:  No,  we've  gone  through  this  with 
Nickels  at  University  of  Michigan.  Ha  aeena 
to  be  our  expert  and  we  finally  -onvinced  him 
that  we  would  not  get  that  high  order  pressure 
reflected. 

Mr.  Konaan:  Did  you  do  any  calculations  with  a 
ganu  of  1.2  which  is  representative  of  explosive 
gases  to  tee  what  kind  of  reflected  pressure 
you  would  predict? 

Mr.  Ross:  Well,  if  you  would  go  to  Stan  Ukavlch 
in  his  translation  you  will  find  that  he  has  an 
aquation  for  the  reflected  pressure,  and  it 
doesn't  natter  what  the  gene  ratio  it  it  is 
about  2  h  even  for  condensed  explosuret. 

Mr,  Korman:  The  reason  why  I  am  bringing  it  up 
is  because  in  Rrodes,  height  of  burs:  report 
he  hat  done  some  calculations  for  reflected 
pressure  ratloe,  a  function  of  specific  heat 
ratios. 

Mr.  Ross:  For  shock  wave  and  air? 
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Mr.  Koran:  Too,  (or  air  or  any  (ana.  For 
itanpla,  ha  haa  a  (ana  for  1.2  that  would  ba 
appropriate  to  coobuatad  gaa.  Ok,  I  aa  Calking 
about  a  Chepaan*Jouget  ayatew  In  uhlch  ve  hava 
a  detonation  novlng  through  an  exploalva.  Waa 
that  whole  air  baf  (Iliad  with  axploalva  gaaaa? 

Mr.  >o aa:  It'a  a  alxtura  of  gaa  and  air.  Thara 
la  a  (an  In  chara  circulating  it  around,  and 
lt'a  at  tha  right  voluna trie-* toichlowa trie 
valuae  to  glva  ua  an  exploelon.  If  you  vara 
off  to  tha  right  or  laft  althar  any  of  chat 
ratio  you  won't  gat  oaa,  you  would  juat  gat  a 
dafla (ration. 


Mr.  Ko man:  go  you  (aal  chan  that  your  lnutru- 
wan cation  waa  adequate  aoough  to  pick  up  tha 

pack  praaaura? 

Mr.  1000:  Taa  air.  We've  gona  through,  ana 
thla  la  tha  rnaaon  wn  raally  bat  thla  thing 
to  daath,  bat  nobody  would  ballava  uc.  That ' a 
tha  prabln,  an  no  ha/a  raally  aaarchad  It  out 
and  gona  to  varloua  Inatrunan tat Iona  and  wa 
finally  wind  up  aona  big  gaa  nan  ba  1 laving  ua. 
gaHlahal'a  la  Michigan  haa  glvan  thla  anawor. 

Mr.  Cary  Fox:  (Barry  D1 via Ion)  Can  you  tall 
fron  tha  experlnent  at  vhat  point  In  tlaa  tha 
plata  failed,  waa  It  during  tha  (Inal  pat t  of 
tha  axploalon  or  did  it  (all  Juat  whan  tha 
atraaa  wnva  a tar tad  at  tha  adgaf 

Mr.  Boaa:  About  half  of  tha  praaaura  Clan 
curva  had  alapaad.  It  occurrad  at  1/4  of  a 
nllllaacond  and  wa  found  that  our  praaaura 
tin*  curva  laatad  about  1  1/2  nllllaacunda 
ao  about  half  way  through  It  fa  Had  and  our 
flln  ahowa  thla  and  our  calculation  Indicate 
thla,  nanaly,  that  tha  anxlnia  daflactlon  will 
occur  about  half  way  through  tha  praaaura  tlaa 
cur/a.  And  alao  our  flln  ahowad  thla. 

Mr.  Fox:  go  that'a  before  It  gata  to  tha 
hentapherlcal  ahapaf 

Nr.  Koaa:  I  an  not  abaolutaly  aura  about  that 
now.  Lat  an  aay  that  If  wa  calculate  tha 
nantnun  daflactlon  of  tha  canter  point,  which 
wa  can  do  and  look  at  It  axparlanncally  it 
occur*  at  about  half  way  through  tha  praaaura 
tlaa  curva  and  If  It  la  going  to  fall  It 
occura  at  about  that  tlaa. 
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A  MATRIX  STRUCTURAL  DYNAMIC  MODEL  OF  PARACHUTE 
THERMAL  COVER  EJECTION  BY  PYROTECHNIC  DEVICES 


A.  E.  Barnlskia  and  X  A.  Romanzl 
General  Electric  Co. 

Re-entry  and  Environmental  Systems  Division 
3196  Chestnut  Street 
Philadelphia,  Pa.  16101 


This  paper  presents  a  method  developed  at  General  Electric  (RESD 
Division  -  Philadelphia,  Pa. )  for  predicting  separation  velocities 
of  a  flexible  thermal  cover  ejected  by  four  cartridge  type  pyro¬ 
technic  devices.  The  method  developed  consisted  of  a  structural 
dynamic  model  of  the  cover  driven  by  four  ejector  pistons  using 
a  three-dimensional  table  of  piston  pressure,  displacement  and 
time  as  the  forcing  function. 

The  structure  was  modeled  as  an  assembly  of  beam  elements  with 
stiffnesses  and  masses  adjusted  so  that  the  mathematical  model 
characterized  the  dynamic  response  of  the  cover  observed  in  vibra¬ 
tion  tests.  All  first  and  second  order  physical  parameters  affecting 
performance  of  the  separation  system  were  included  In  the  model. 

The  dynamic  model  has  demonstrated  excellent  accuracy  simulating 
system  performance  and  predicting  ejection  velocities  of  several  de¬ 
signs  as  corroborated  by  ground  tests,  and  has  been  used  effectively 
as  a  tool  for  guiding  design  optimizations. 


1.  INTRODUCTION 

The  energy  transfer  of  a  pyrotechnic  ejec¬ 
tor  device  la  strongly  dependent  on  the  displace¬ 
ment  time  history  of  the  ejected  mass.  A 
typical  series  of  pressure  time  histories  for 
several  rigid  r  asses  ejected  by  a  pyrotechnic 
ejector  is  shown  In  Figure  1. 

The  piston  pressure  for  the  heavier  masses, 
which  have  corresponding  lower  accelerations, 
are  higher  throughout  most  of  the  ejection  cycle. 
It  would  therefore  be  extremely  difficult  to  ob¬ 
tain  accurate  predictions  of  the  ejected  veloc¬ 
ities  fo:  a  wide  range  of  Inertia  loads  by  using 
an  "average"  pressure  time  history  and  inte¬ 
grating  It  to  obtain  a  corresponding  velocity 
time  history.  The  problem  Is  further  compli¬ 
cated  when  the  ejected  body  is  an  elastic  sys¬ 
tem,  as  idealized  In  the  two- degree- of- freedom 
system  shown  In  Figure  2. 
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Figure  1.  Pyrotechnic  Ejector  Force 
Time  History 
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Figure  2.  Idealised  Elastic  Ejection  Sjratem 

Initially,  when  the  system  U  un  deformed, 
the  only  force  on  maaa  mj  will  be  the  Instanta¬ 
neous  pressure  P  acting  on  piston  area  A,  and 
the  accelerating  force  is  simply  PA.  As 
stores  to  the  right  and  spring  K  compresses, 
the  accelerating  force  becomes  PA  -  K  (Xj  -  Xj). 
Tins,  as  the  system  compresses,  the  apparent 
mass  inertia  "seen”  by  the  ejector  piston  in¬ 
creases,  and  the  pressure  time  history  pro¬ 
duced  by  each  an  ejection  would  cross  the  traces 
of  the  rigid  body  ejected  weights,  moving  from 
a  lighter  to  a  heavier  time  history  curve. 

The  practical  significance  of  this  became 
apparent  when  the  first  attempts  were  made  to 
predict  the  velocity  of  a  parachute  thermal 
cover  ejected  by  four  pyrotechnic  ejectors.  It 
was  observed  during  ground  test  firings  of  an 
>.  0  lb  cover  that  the  highest  ejected  velocity 
obtained  was  approximately  20%  below  the  veloc¬ 
ity  obtained  during  ejection  of  an  S.  0  lb.  rigid 
mass.  Velocity  losses  as  great  as  40%  were 
measured  when  the  ejectors  were  fired  noo- 
•lmultaneously. 

At  first,  it  was  hypothesized  that  the  veloc¬ 
ity  losaes  were  attributable  to  energy  lost  to 
structural  deformation  and  friction.  Attempts 
to  assign  percentage  values  to  the  velocity 
losses  attributed  to  each  of  these  parameters 
by  empirical  methods  failed. 

The  failure  of  a  thermal  cover  design  to 
give  the  required  velocity  performance  and  the 
subsequent  redesign  effort  provided  the  incen¬ 
tive  for  a  more  complete  Investigation  of  how 
ejection  system  parameters  affected  perform¬ 
ance.  This  investigation  began  with  a  review 
of  the  data  recorded  for  single  piston  rigid  body 
firings  of  one  charge  adapter  lot,  which 
(Table  1)  revealed  that  while  the  momentum  of 
the  ejected  mass  increases  as  weight  increased, 
aa  Indicated  by  the  areas  under  the  curves  in 
Figure  1 ,  the  kinetic  energy  of  the  ejected 
mass  decreased  as  weight  increased.  From 
this  it  was  determined  that  the  energy  trans¬ 
mitted  by  a  pressurized  piston  was  not  a  fixed 
quantity  but  was  a  function  of  the  displacement 
time  history  of  the  ejected  mass.  To  verify 


these  conclusions,  a  method  was  developed 
describing  the  physical  system  as  a  mathe¬ 
matical  model.  The  requirements  for  this 
model  were: 

a.  that  it  incorporate  a  structural  model 
of  the  thermal  cover  which  would 
accurately  characterize  the  dynamic 
reaponas  (taring  ejection  and  provide 
amass  of  preiirtiag  structural  loading 
daring  firing. 

b.  that  the  forcing  ametion  used  to  simu¬ 
late  the  pyrotechnic  ejectors  include 
tbs  effect  of  flm  piston  displacement. 

«.  that  the  model  be  roadUy  modifiable 
for  purposes  of  revision,  correction, 
or  updating,  aa  the  physical  system 
became  more  clear iy  understood. 

The  model  described  in  the  following  sec¬ 
tions  has  evolved  in  several  stages  since 
December  1973.  While  each  version  has  been 
somewhat  more  sophisticated  than  its  pre¬ 
decessor,  the  concept  has  remained  unchanged. 

2.  DYNAMIC  MODEL  -  GENERAL 

A  typical  thermal  cover  la  shown  in  Fig¬ 
ure  3.  Covers  usually  comist  of  a  sheet  alu¬ 
minum  box  portion  covered  with  an  elastomeric 
thermal  protection  material,  fastened  to  stain¬ 
less  steel  "Z"  rails  joined  at  the  corners  by 
aluminum  or  titanium  fittings  which  also  serve 
ss  the  attachments  for  the  ejector  pistons. 

For  simulation  of  thermal  cover  ejection, 
a  matrix  structural  dynamic  model  of  this 
assembly  was  developed.  A  schematic  drawing 
of  the  physical  simulation  of  the  thermal  cover 
separation  system  dynamics  is  shown  in  Fig¬ 
ure  4. 

In  the  present  version  the  dynamic  model 
may  be  represented  by  s  variable  number  of 
degrees-of-freedom  from  a  minimum  of  0  to  a 
maximum  of  20.  Of  N  degreea-of-f ree lorn ,  the 
first  N-l  are  related  to  the  structural  model 
of  the  cover  and  the  Nlh  is  related  to  a  lumped 
forebody  mass.  Of  the  N-l  thermal  cover 
degrees-of-freedom,  the  first  four  are  assigned 
to  axial  degrees-of-freedom  at  each  piston 
location,  and  the  remaining  (N-5)  are  assigned 
to  the  top  of  the  thermal  cover  box  structure. 
Each  of  the  four  corners  is  driven  by  the  pyro¬ 
technic  forcing  function  after  ignition  of  the 
charge.  The  pyrotechnic  forcing  function  (de¬ 
scribed  in  Section  2. 2)  is  defined  so  that  it  is 
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TABLE  1 

Platon  Performance  Teat  Data 


Teat 

No. 

Peak 

Preaa. 

(pal) 

Velocity 

(ft/sec) 

Calculated 

Inpulse 

(lb-sec) 

Energy 
(ft- lbs) 

Ejected 

Weight 

(lbs) 

NOTES 

1. 

10,000 

55.6 

5.81 

157.5 

3.0 

1.  Piston  performance  teats  conducted 

2. 

10,200 

55.6 

5.61 

157.5 

3.0 

9/18/70  to  9/25/70 

3. 

10,400 

53.4 

5.39 

145.5 

3.0 

4. 

10,400 

54.8 

5.53 

153.0 

3.0 

2.  Energy  and  impulse  calculations 
based  on  piston  weight  of  0. 25  lb 

5. 

10,400 

53.4 

5.39 

145.5 

3.0 

6. 

10,200 

40.1 

6.54 

129.0 

5.9 

3.  Weight  listed  in  "Ejected  Weight” 

2. 

9,400 

39.3 

6.40 

126.5 

5.0 

column  does  not  include  weight  of 

S. 

9,400 

37.2 

6.06 

113.4 

5.0 

piston 

9. 

10,800 

42.9 

7.00 

150.5 

5.0 

4.  Pistons  all  modified  to  install  in- 

10. 

10,600 

41.2 

6.70 

139.1 

5.0 

strumentation  except  where  noted 

11. 

11,200 

40.8 

6.67 

136.8 

5.0 

(Dirg.  No.  470173285) 

12. 

11,200 

50.2 

5.06 

130.5 

3.0 

5.  Instrumentation  for  all  pressure 

13. 

10,000 

78.8 

4.24 

166.6 

1.5 

readings  was  a  KISTLER  607L 

14. 

10,000 

78.6 

4.24 

166.6 

1.5 

Pressure  Transducer 

15. 

9,800 

92.6 

3.61 

167.2 

1.0 

16. 

9,600 

90.6 

3.53 

160.0 

1.0 

6.  SVA  testing  accomplished  in  accord¬ 
ance  with  Charge  Adapter  Speclflca- 

17. 

9,500 

85.1 

3.32 

141.2 

1.0 

tlon  No.  1375-02-0001 

18. 

10,800 

80.1 

4.33 

173.2 

1.5 

18. 

11,500 

27.0 

8.58 

115.9 

10.0 

7.  Firing  attitude  in  all  tests  100, 000 

20. 

11,400 

27.9 

8.97 

123.9 

10.0 

feet 

21. 

11,200 

27.0 

8.58 

115.9 

10.0 

22. 

10,000 

90.6 

3.53 

160.0 

1.0 

23. 

9,200 

92.8 

3.61 

167.2 

1.0 

24. 

9,800 

86.8 

3.38 

147.0 

1.0 

Figure  3.  Alumirmm/ESM  Parachute 
Thermal  Cover 


Figure  4.  Schematic  of  Thermal  Cover 
Dynamic  Model 
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a  function  of  displacement  at  each  corner  and 
the  time  since  firing  of  that  corner.  With  this 
simulation  non- simultaneous  firing  events  are 
accommodated  by  specifying  individually  the 
firing  times  of  each  piston. 

Program  input  parameters  are  stiffness, 
mass,  and  damping  matrices,  ejector  firing 
times,  and  the  ejector  forcing  function  ex¬ 
pressed  as  a  table  of  piston  force  versus  time 
and  displacement.  Logic  related  to  each  force 
contributor  is  contained  in  a  separate  sub¬ 
routine  to  facilitate  logic  changes  without 
major  reprogramming.  The  equations  of 
motion,  described  in  the  following  section,  are 
integrated  numerically  using  a  fourth-order 
Rnnge-Kutta  technique  [1]  through  which  the 
accelerations  of  the  N  mass  points  are  inte¬ 
grated  to  obtain  the  velocities,  which  are  inte¬ 
grated  to  obtain  the  displacements. 

2.1  Equations  of  Motion 

The  equations  of  motion  of  the  physical  sys¬ 
tem  are: 

[M]|X|.  |P(Xg,tf)|  -  [K]  fx|-  (C]  jxj(l) 
x,  «  Xp  -  X{  >  F  (xg  tf)/Kf  (2) 

Vm.“  <1/NW  W  M  1*1  <3> 

where, 

jx|  =  Vector  of  displacements 

|X|  »  Vector  of  velocities 

{ifT  =  Vector  of  accelerations 

Xp  =  Piston  displacement 

Xj  =  Forebody  displacement 
X#  =  Piston  stroke 
tj  »  time  since  piston  firing 

If  (x  ,  t  )  I  =  piston  force  as  function  of  stroke 
and  time  since  firing 

[M]  *  System  mass  matrix 

[K]  a  System  stiffness  matrix 

[C]  a  System  damping  matrix 

K,  a  Charge  adapter  to  forebody  local 
stiffness. 

Vme  »  momentum  equivalent  velocity 
**total  *  *****  naa88  thermal  cover 


Equation  i  lists  the  inertial  force  on  the 
thermal  cover  and  forebody  dee  to  forces 
generated  by  the  ejector  ptstona,  structural 
stiffness,  and  system  ikmpiag  effects.  The 
thermal  cover  corners  are  modeled  as  being 
rigidly  coupled  to  the  forebody  before  Ignition. 
At  Ignition,  a  corner  Is  uncoupled  from  the 
forebody;  after  all  four  ejectors  have  fired,  the 
forebody  la  completely  uncoupled  from  the 
thermal  cover  and  is  acted  ou  only  by  the  sum 
of  the  pressure  at  all  four  ejectors.  Equation 
2  defines  the  piston  stroke  which  is  the  dis¬ 
placement  of  the  piston  relative  to  the  charge 
adapter  cylindrical  housing.  The  piston  stroke 
during  filing  is  the  difference  between  the 
corner  displacement  and  forebody  displacement, 
plus  the  deflection  at  the  mout.  Equation  3 
defines  the  momentum  equivalent  velocity  of  the 
thermal  cover  mass  points  at  time  of  the  last 
piston  clearing  the  ejector. 

2.2  Pyrotechnic  Ejector  Forcing  Function 

The  pyrotechnic  forcing  function  ts  rep¬ 
resented  by  a  three- dim t.wional  function  of 
piston  force,  displacement,  and  time.  Table 
2  shows  the  three-dimensional  forcing  function 
for  a  typical  charge  adapter. 

The  method  used  to  derive  a  table  of  this 
type  was  to  obtain  a  series  of  oscillograph 
traces  of  pressure  time  histories  for  firings  of 
1-,  2-,  3-,  9-  and  10- lb  rigid  weights  and  then 
numerically  Integrate  each  curve  twice  to  ob¬ 
tain  a  displacement  time  history  for  that  test. 
The  velocities  and  displacements  from  this 
numerical  Integration  were  then  checked 
against  test  results  for  each  case,  and  the  dis¬ 
placements  for  the  various  weights  paired  with 
their  corresponding  pressures  through  the  time 
histories.  For  chosen  increments  of  time,,  a 
"best  fit"  interpolating  potynomlnal  [1]  is  used 
to  express  pressure  as  a  function  of  displace¬ 
ment. 

After  the  table  was  assembled  some  data 
smoothing  was  required,  using  engineering 
judgement.  In  the  routine,  stable  look-up  and 
bilinear  Interpolation  scheme  Is  used  to  com¬ 
pute  the  pressures  at  times  and  displacements 
falling  in  regions  between  rows  and  columns. 

2.3  Thermal  Cover  Structural  Model 

The  dynamic  analysis  for  the  thermal  cover 
waa  performed  using  a  finite  element  model  ob¬ 
tained  by  the  direct  stiffness  method  [2]  to 
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TABLE  2 

Plato".  Force  Versus  Time  and  Deflection 


|  '  WteBMl  (bKkM) 


IB 

• 

.M 

.tt 

.M 

.11 

.M 

.14 

.44 

.40 

.M 

1.9 

a 

D 

at 

1.4 

1.1 

1.1 

4.0 

wrwm 

4 

0 

•  ' 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

4 

4 

4 

4 

"o™ 

0 

.4 

• 

l.tt 

l.M 

l.M 

l.M 

l.M 

1.74 

1.70 

1.40 

1.30 

1.35 

l.M 

1.00 

M 

.70 

.M 

.54 

.41 

0 

0 

.1 

• 

an 

l.tt 

l.M 

l.M 

l.M 

1.73 

l.M 

l.M 

1.40 

1.30 

1.15 

.40 

.79 

.43 

a 

.44 

.46 

4 

0 

i.a 

• 

t.4» 

1.17 

l.M 

l.M 

l.M 

1.73 

1.44 

1.41 

1.34 

1.20 

.M 

.40 

.74 

.4# 

•  M 

.44 

.40 

4 

4 

i.e 

• 

Lit 

l.tt 

l.M 

l.M 

l.M 

1.71 

l.M 

1.31 

l.tl 

.M 

.44 

.75 

.44 

.35 

.43 

.41 

.11 

4 

4 

a* 

• 

att 

l.rr 

i.« 

l.M 

1.1? 

1.47 

l.M 

l.M 

1.10 

.tt 

.77 

.44 

34 

.14 

.44 

.17 

.34 

4 

4 

at 

t 

i.tt 

i,m 

l.tt 

1.17 

l.M 

1.44 

1.37 

l.tl 

l.M 

.44 

.71 

.41 

.51 

.47 

.M 

.34 

.34 

4 

4 

at 

t 

l.» 

i.i? 

i.a 

i.a 

l.M 

1.14 

an 

l.M 

.M 

.40 

.M 

34 

.41 

.M 

.17 

.tt 

.14 

4 

4 

u 

• 

l.tt 

1.14 

l.M 

.M 

.M 

.M 

.M 

.M 

.M 

.14 

.M 

.14 

.41 

.M 

.n 

.a 

4 

4 

at 

4 

l.tt 

an 

.M 

U 

.M 

.If 

.14 

.  T1 

.M 

.40 

.11 

.M 

.31 

.tt 

.tt 

.a 

4 

4 

at 

t 

t.4t 

i.« 

.« 

.71 

.If 

.u 

.4? 

.a 

.44 

.St 

.41 
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represent  the  structure.  The  model  consisted 
of  s  Unite  number  of  rigid  masses  connected 
top  massless  elastic  links.  The  mass  degrees- 
of- freedom  are  shown  as  solid  dots  in  Figure  S. 


Figure  S.  Thermal  Cover  Structural 
Model  -  Mass  Points 

A  total  of  19  Joints  were  used  to  describe  the 
thermal  cover,  resulting  in  114  static  DOF 
(6  DOF/Jolnt).  The  stiffness  matrices  for  the 
19  Joint  models  were  assembled  using  an  ele- 
mental  beam  stiffness  matrix  shown  in  Figure  6. 
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Figure  6.  Beam  Stiffness  Matrix 
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The  parameters  need  in  defining  the  elements 
lor  this  stiffness  matrix  were  given  by: 

A  Cross-section  ares 

E  Modulus  of  elasticity 

F  Force 

O  Shear  Modulus  of  elasticity 

J  Moment  of  inertia  about  Axis  1 

Ij  Moment  of  inertia  about  Axis  2 

I)  Moment  of  inertia  about  Axis  9 

L  Length  at  beam 


Effective  shear  area 


For  boaadury  conditions,  the  model  was 
planed  ia  the  X  A  T  directions  at  jotMs  1,  2, 

9,  and  4.  The  stiffness  matrix  tar  the  original 
cover  design  was  correlated  with  static  test 

the  comers  planed,  the  stiffness  of  the  basic 
rail  structure  is  dae  to  both  twisting  of  the 
rails,  and,  because  of  the  offset  of  the  planed 
bottom  Joint,  side  bendbig  of  the  rails.  It  was 
found  that  the  side  bending  of  the  rails  is  sig¬ 
nificant  and  that  the  predicted  values  of  the 
stiffness  were  within  the  range  of  values  deter¬ 
mined  from  static  load  teats  at  each  o>  the 
frame  corners.  For  the  thin  aluminum  cover, 
the  box  structure  does  not  significantly  stiffen 
the  rails.  The  114  DOF  stiffness  matrix  was 
then  reduced  to  IS  dynamic  DOF's  correspond¬ 
ing  to  the  IS  lumped  masses  movliy  la  the  Z- 
dtoectton  using  the  static  stiffness  reduction 
technique,  i.e. ,  reduced  stiffness  is 


*11  "  *12  *22  *  *21 


where  the  transformation  aWrfe  is 

r i/i  mi 


l  l/L  -  1/L  J 

The  mass  matrix  ia  the  q  cssrfinefi  system  is 


'■vl:  i 


Therefore  sines  Klaetle  Energy  Is  to 
under  coordinate  trustormddem,  th 
matrix  in  the  ft  coordMats  qdm  la 


-  wT  m,  m 


In  the  "released"  condition,  ench  corner  of 
the  cover  Is  free  to  move  In  the  Z  direction, 
fia  to  the  rigid  characteristics  of  the  rails,  s 
generalized  mass  matrix  can  be  written  which 
transforms  the  lumped  masses  and  Inertia*  from 
the  center  of  the  rails  to  the  four  corners. 

For  s  single  rail  with  mass  concentrated  at 
Its  center  (as  In  sketch  below)  the  transforma¬ 
tion  equations  from  the  center  to  the  ends  of 
the  rail  are 


'M  Ml  " 

‘IMM 


Now  for  the  4  beams  together  the  generalised 
mass  matrix  ia  obtained. 


flf-S)  «»•«  •  (*-*) 

“nt»-»  <■•#  • 

(t-fr)  (»  (r) 


This  coupled  4x4  generalised  mass  matrix 
was  used  for  the  model  to  represent  the  rail 
masses  at  joints  5,  ft,  7  anil. 


The  generalized 


of  motion  is  given 


-L/S-uJ 


Ml  -It]  HI 


[Ml  |X1  ♦  [K]  | X|  -  |F(t)l 


[M]  ■  mass  matrix 


stiffness 


IX I  >  dtsplaceaM*  vector 

lx  I  ■  W'celerntioa  vector 

|F(t)|  >  force  vector 
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This  equation  was  then  reduced  to  a  15  DOF 
problem  by  applying  the  matrix  reduction  trans- 
formation.  The  15  DOF's  remaining  correspond 
to  the  masses  located  at  firing  points  of  the  4 
pistons  and  the  masses  at  the  center  of  the 
panel. 

The  matrix  reduction  is  a  static  transfor¬ 
mation  that  reduces  the  size  of  the  eigenvalue 
problem  while  retaining  the  Inertial  effects  la 
the  mass  mat  rix.  For  the  static  case,  the 
force- defection  relationship  can  be  expressed 
In  partitioned  form  as 


where, 

|f|  -  force 

[K]  •  stiffness  matrix 

|x|  ■  static  deflection 

If  Fj  are  the  only  external  forces  acting  on 
the  structure,  (l.e.,  Fj  «•  0).  then  the  equa¬ 
tions  in  partitioned  form  may  be  written  as 

W-M  W*MKI 
M  ■  M  W*M  I*! | 

and  Xj  may  be  expressed  as 

W--M'1  W]  i*i i  «» 

By  substituting  the  solution  for  X,  Into  the  first 
equation,  the  familiar  reduced  etfifness  matrix, 
K*,  is  obtained: 

K*  -  Kn  -  KjjKj,"1  Kjj  (13) 


and  the  reduced  equation  for  the  static  case  may 
be  written  as 


Fj  |  -  fX»3  |X,|  (14) 


Using  the  expression  for  Xg  in  terms  of  Xj ,  one 
can  define  a  coordinate  transformation  given  by 


[TJ  |X,  | 


where, 


I  J  I  .1 

l  ->42  *4i 

By  substituting  the  coordinate  transforma¬ 
tion  Into  the  equation  of  motion  and  pre- 
multlplying  by  [Tp,  the  reduced  equation  of 
motion  will  be  given  by 

[M*l|Xi|  ♦(K*]|X1J-  |F*(t)|  (1«) 

where, 

(**•)  •  [T]T  [M]  [TJ 

[K*J  .  [T)T  [X]  [TJ 

{ F*  (t)|  -  [TJT  I F  (t)  J 

Note  that  the  triple  product  [T]T  [K]  [T]  will 
result  In  a  K*  matrix  that  Is  Identical  to  the  K* 
derived  from  the  static  case.  Motions  for  the 
{  X»  |  coordinates  can  be  obtained  by  applying 
the  coordinate  transform  used  to  obtain  the  re¬ 
duced  equation  of  motion. 

Because  the  equations  of  motion  during 
cover  ejection  were  to  be  solved  with  numerical 
Integration,  It  was  considered  desirable  to  re¬ 
duce  the  number  of  DOF's  to  15  in  order  to  re¬ 
duce  the  complexity  of  the  Integration  program. 

2.4  Charge  Adapter  Stiffness 

Charge  adapter  stiffness  is  Included  to 
simulate  the  structural  response  of  the  mount¬ 
ing  in  determining  the  effects  on  energy  trans¬ 
fer  produced  by  the  pistons.  This  effect  is 
accounted  for  In  the  equations  of  motion  by 
Equation  (3)  which  defines  the  piston  stroke  and 
Is  Included  as  a  displacement  term  approxi¬ 
mating  the  charge  adapter  deflection  due  to 
firing  forces.  The  stiffness  value  used  for  this 
simulation  is  40,000  lb/in.  for  each  adapter. 
Measurements  of  local  stiffness  were  obtained 
from  impedance  vibration  tests.  Results  were 
on  the  order  of  1.0  to  1.5  x  10s  lb/tn.  for  a 
10-  lb  maximum  lrfeut  from  the  shaker.  Due  to 
this  low  Input  force,  compared  to  the  high 
levels  obtained  during  thermal  cover  ejection 
(about  2000  lbs)  the  40, 000  lb/ln.  value  was 
used  pending  static  tests  at  higher  load  levels. 
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(15) 


2.3  Moving  Fore  body 

The  moving  fore  body  was  included  to 
simulate  the  lose  of  energy  and  piston  stroke 
due  to  forebody  motion  and  to  determine  its 
effects  on  the  total  TC  velocity  produced  by  the 
piston.  The  forebody  was  modeled  as  a  76- lb 
lumped  mass,  free  to  move  in  the  axial  direc¬ 
tion  in  response  to  the  piston  forces. 

2.6  Damping  Effects 

Damping  includes  all  forces  which  are  a 
function  of  mass  point  velocities.  Included  are 
thermal  cover  structural  damping,  and  a  drag 
coefficient  simulating  all  frictional  losses. 

The  drag  coefficient  simulates  frictional  losses 
by  applying  a  retardtng  force  to  the  corner 
si  ass  points  proportional  to  velocity,  k  was 
derived  empirically  from  previous  test  re¬ 
sults.  The  elements  of  the  structural  damping 
matrix  are  proportional  to  the  stiffness  matrix 
and  are  computed  as  the  structural  damping 
coefficient  multiplied  by  the  ratio  of  the  corres¬ 
ponding  cover  stiffness  matrix  element  to  the 
stiffness  of  the  center  relative  to  the  corners. 
Structural  damping  was  assumed  in  phase  with 
velocity. 

3.  VIBRATION  TESTS 

The  objective  of  the  vibration  teats  was  to 
obtain  dynamic  characteristics  of  the  thermal 
cover  used  in  refinement  of  the  stiffness  and 
bus  matrices  incorporated  in  the  ejection 
model.  From  test  results  it  was  observed  that 
the  box  portion  was  highly  flexible  and  non¬ 
linear.  Tests  performed  at  three  vibration 
levels  showed  that  the  cover  became  stlffer  at 
high  force  levels  as  Indicated  by  an  increase  in 
resonant  frequency.  When  theT/C  was  driven 
at  the  first  modal  frequency,  large  Inters'  dis¬ 
placements  were  measured  with  60  to  80%  of 
the  mass  effective.  In  addition,  the  deflection 
of  the  top  caused  large  lateral  motions  of  the 
unsupported  sides. 

In  the  second  mode,  the  motion  of  the  top 
of  the  cover  Indicated  that  the  center  moved 
out  at  phase  with  the  sides,  1. e. ,  there  was  a 
modal  circle  between  the  center  and  the  other 
accelerometer  location  on  the  cover  top.  In 
the  frequency  range  between  5  and  200  Ha,  the 
frame  showed  no  significant  dynamic  motion  In 
the  vertical  direction. 

Using  the  vibration  test  data  described 
above,  the  stiffness  and  mass  m  si  rices  of  the 
114-degres-of-freedom  structural  model  were 
adjusted  until  the  predicted  frequencies  and 


and  mode  shapes  obtained  from  an  eignevahie- 
eigenvector  solution  closely  agreed  with  meas¬ 
ured  dynamic  behavior  of  the  thermal  cover. 

It  was  this  refined  structural  model  which  was 
used  in  the  velocity  preRcttaa  model. 

4.  THERMAL  COVER  EJECTON 

PERFORMANCE 

This  section  is  devoted  to  a  discussion  of 
performance  predictions  obtained  with  the  use 
of  the  dynamic  model.  Coatalaed  herein  In  a 
comparison  of  preRcted  ejection  velocities 
with  ejection  test  dMa  lor  several  thermal 
covers,  an  empirical  dartvMion  of  the  drag 
coefficient  cited  in  Bacttan  U ,  sad  an  identi¬ 
fication  of  velocity  lasses  incurred  during 
thermal  cover  ejectfoa. 

A  comparison  of  dynamic  model  predic¬ 
tions  sad  ejection  test  velocities,  for  three 
different  thermal  cover  models,  la  shown  in 
Table  3.  The  drag  coefficient  used  In  the 
dynamic  model  for  tilth ree  covert  was  0. 27 
lbf-sec/ln.  The  good  agreement  with  test  re¬ 
sults  indicates  that  this  method  of  representing 
the  unidentified  frictional  losses  was  suffi¬ 
ciently  occur  eta.  Discussion  of  the  derivation 
of  this  veins  follows  la  Section  4.2. 

4.1  Empirical  Dsrlvntloa  of  Dreg  Coefficient 

As  stated  in  Section  2.1,  the  (frag  coeffi¬ 
cient  was  attributed  to  son-accountable  effects 
such  as  parachute,  baffle,  and  piaton  friction, 
and,  for  ground  teat  flringa,  the  pressure 
differential  aerodynamic  drag.  Parametric 
studies  were  performed  to  determine  the  effect 
of  this  drag  coefficient  on  predicted  velocity. 
From  the  re  suits,  valets  of  0. 27  and  0. 16S 
lbf-sec/ln.  were  chosen  as  the  values  to  pre¬ 
dict  ground  test  and  flight  ejection  velocities, 
respectively. 

4.2  Thermal  Cover  Velocity  Loss  Identification 

To  guide  ths  redesign  of  heavier  thermal 
covers  It  was  envisioned  that  knowing  the 
various  loss  coefficients,  modification*  to  the 
redesign  could  be  made.  The  production 
thermal  cover  ejected  was  chosen  ss  the  base¬ 
line  design  for  analysis  of  ths  contribution  of 
various  physical  parameters  to  the  energy 
balance. 

The  velocity  losses  associated  with  each  of 
the  physical  parameters  simulated  In  the  dy¬ 
namic  model  are  shown  la  Table  4.  It  was  ob¬ 
served  that  s  total  velocity  loss  In  ground  test 
of  15. 2  ft/sec  is  obtained  when  all  physical 
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TABLE  3 

Comparison  of  Predicted  Cover  Nominal  Velocity  With  TeM  Value* 


Cover 

Jettison  Weight 
(lb) 

Corrected 

Test  Value 

Velocity 

(ft/sec) 

Predicted 

Velocity 

(ft/sec) 

12.3 

Weighted 

Production 

Model 

38.5 

39.3  39.3  Average 

40.2 

40.7 

11.8 

Production 

Model 

42.3 

42.3 

11.8 

Stiffened 

Production 

Model 

46.3 

44.T 

TABLE  4 

T/C  Velocity  Lots  Identification 


Physical  Parametera 

Velocity  Loss 
(fps) 

Predicted  Eject  Vel 

Wit!.  Individual  Effects 
(fps) 

Single  Piston  -  Rigid  Body 

0 

57.5 

T/C  Stiff  and  Structural  Damping 

5.3 

49.7 

Porebody  Mass 

2.0 

48.4 

Charge  Adaptor  to  Forebody  Local 
Stiffness 

.3 

44.7 

Piston  Loss  Damping  Attributed  to 
Parachute  and  Piston  Friction 

7.8 

49.8 

Dynamic  Model  Which  Includes  All 
Above  Effects 

15.3 

42.3 

effect*  are  included.  The  velocity  lo**e*  lden- 
ln  Table  4  were  calculated  by  deleting  the 
physical  parameter*  one  at  a  time  from  the 
dynamic  model  and  noting  the  velocity  gained. 
For  example,  the  effect  of  the  moving  forebody 
was  determined  by  running  a  trial  cast  with  in¬ 
finite  forebody  weight;  cover  flexibility  Ion* 
was  determined  by  running  a  case  including  all 
effectn,  but  ejecting  a  rigid  lumped  mass  equal 
to  the  mass  of  the  cover.  The  remaining  ve¬ 
locity  loss  required  to  bring  the  predicted  ve¬ 
locity  down  to  test  velocity  after  all  other  effect* 
were  accounted  for,  was  assigned  to  frictional 
or  drag  effects,  as  discussed  previously. 


5.  CONCLUSIONS 

Presented  In  this  section  are  conclusions 
arrived  at  regarding  the  particular  ejection 
system  that  has  been  cited  as  an  example, 
modeling  techniques  applied  to  pyrotechnic 
ejection  simulations,  and  some  general  con¬ 
clusions  regarding  pyrotechnic  ejection  of 
elastic  systems. 

5.1  Basic  Ahtmlmun/E8M  Thermal  Cover 
Design 

The  production  thermal  cover  that  was  the 
object  of  this  investigation  was  designed  to 


withstand  a  high  load  re-entry  environment. 
Usinf  the  ejection  dynamic  model  aa  a  design 
tool,  ejections  of  many  proposed  designs  were 
simulated.  Prom  these  simulations  it  was  con¬ 
cluded  that  the  design  separation  velocity  could 
not  be  achieved  using  the  original  pyrotechnic 
charges.  As  a  result,  a  new  higher  energy 
pyrotechnic  device  was  developed.  For  this 
charge,  the  dynamic  model  made  accurate  pre¬ 
test  predictions  of  separation  ve'  jetties  without 
applying  additional  empirical  ad.  jstments,  i.e. , 
using  the  previously  defined  sya  cm  parameters 
with  a  new  three-dimensional  pyrotechnic 
forcing  function,  Immediately  yielded  predic¬ 
tions  that  agreed  with  ground  test  results. 

•’*  Cone taelona  Regarding  the  Method  of 
Modeling  a  Pyrotechnic  Ejector 

Mace  the  methods  used  to  express  and 
integrate  the  equations  of  motion  of  the  struc¬ 
ture  are  relatively  conventional  and  have  been 
applied  previously  to  problems  of  structural 
dynrulcs,  It  Is  the  opinion  of  the  authors  that 
the  most  unique  and  valuable  aspect  of  this  in¬ 
vestigation,  beyond  the  Immediate  benefit  of 
providing  a  useful  design  tool  for  the  particular 
problem,  was  the  derivation  and  validation  of 
a  method  for  representing  the  highly  non-linear 
pyrotechnic  forcing  function.  The  method  de¬ 
scribed  in  Section  3. 3  appears  to  be  valid  when 
the  dteplacement  of  the  ejector  piston  Is  s 
monotontcally  Increasing  function  of  time,  and 
the  dteplacement  time  histories  to  be  modeled 
fail  within  the  range  of  the  test  displacement 
time  histories  from  which  the  forcing  function 
table  Is  derived.  It  is  anticipated  that  this 
technique  can  be  of  great  benefit  In  modeling 
pyrotechnic  actuation  devices  aa  well  sc  ejec¬ 
tion  devices. 

it  is  also  concluded  that  the  excellent 
accuracy  achieved  In  velocity  predictions  was 
due  to  s  large  extent  to  the  accurate  charac¬ 
terisation  of  the  dynamics  of  the  structure 
achieved  by  refining  the  mathematical  model 
using  vibration  test  results. 

9.3  Effect  of  Structural  Elasticity 

In  general,  it  was  concluded  that  for  a 
given  weight,  the  more  closely  a  structure 
approaches  a  rigid  body,  the  higher  the  ejected 
velocity.  The  reason  for  this  Is  that  this  con¬ 
dition  will  maximize  the  average  pressure  over 
the  time  of  piston  stroke,  thus  maximizing  sys¬ 
tem  momentum.  This  approach  of  rlgldlzlng 
the  structure  also  minimizes  structu  al  defor¬ 
mation  and  thus  non- recoverable  energy  losses. 
While  it  la  conceivable  that  a  structure  could 


be  designed  that  was  "tuaed"  to  optimize  the 
pressure  time  history  produced  by  a  given 
pyrotechnic  device,  it  la  believed  that  for  de¬ 
sign  purposes  the  rtgidUteg  approach  la  moat 
practical. 

6.  FURTHER  INVESTIGATION 

While  the  method  of  describing  the  pyro¬ 
technic  forcing  function  developed  fer  this  in¬ 
vestigation  has  proven  entirely  adequate  for 
analyzing  the  present  system.  It  would  be 
worthwhile  to  investigate  other  methods  not 
subject  to  the  restrictions  cited  in  Section  4. 3. 
For  example,  it  would  be  worthwhile  to  attempt 
modeling  the  physical  process  at  pyrotechnic 
nrooellant  bu rains  sad  nreaaare  generation. 
This  investigation  could  add  significantly  to  the 
knowledge  of  pyrotechnic /structural  systems 
la  particular,  sad  response  of  structures  to 
highly  non-linear  forcing  faaettons  la  general. 
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A  test  method  for  simulating  the  effects  of  structure  borne  gun  blast  is  described  In 
this  paper.  The  test  levels  were  defined  in  terms  of  the  shock  response  spectra  and 
the  number  of  shocks  to  simulate  the  repetitive  nature  of  gun  firing  sequences.  Re¬ 
salts  of  tests  on  typical  electronic  assemblies  are  presented  and  discussed  briefly. 


INTRODUCTION 

After  determining  that  MIL-8-901  levels  mere  too  high 
to  demonstrate  compliance  with  the  gun  shock  of  a  ship¬ 
board  target  acquisition  system,  a  test  method  was  de¬ 
veloped  using  an  elect rohydraulic  vibration  exciter  to 
simulate  the  proper  levels.  A  point  defense  target  ac¬ 
quisition  system  being  developed  st  Hughes  Aircraft 
Company,  Ground  Systems  Group  had  a  specification 
requirement  for  uninterrupted  operation  during  and 
after  application  of  shock  levels  expected  In  the  ship 
structure  as  a  result  of  blasts  from  guns  coupled  to  the 
structure.  Initial  efforts  were  made  to  relate  the  shock 
response  of  the  system  to  the  MIL-S-901C  shock  tests 
for  the  same  equipment.  The  MIL-S-901  test  results 
were  unsatisfactory  for  this  purpose,  since  a)  the  sys¬ 
tem’s  shock  levels  art  approximately  an  order  of  mag¬ 
nitude  higher  than  those  specified  for  structure  borne 
gun  blasts  and  b)  an  Interruption  of  operation  is  per¬ 
mitted  for  M1L-S-901C  shock. 

The  equipments  Involved  in  the  system  are  complex 
electronic  assemblies  ranging  from  a  computer  to  a  high 
power  transmitter.  These  assemblies  were  known  to  be 
susceptible  to  the  effects  of  shock  and  vibration.  Hie 
"fragility  level”  for  uninterrupted  operation  was  un¬ 
known  and  could  not  be  derived  from  the  effects  of  other 
environmental  tests. 

The  shock  levels  were  analyzed  to  be  within  the  capa¬ 
bility  rf  available  elect  rohydraulic  vibration  exciters. 
There  ire  a  decision  was  made  to  derive  a  shock  re¬ 
sponse  spectra  controlled  test  specification  and  to  con¬ 
duct  the  test  using  the  vibration  exciter.  The  ration¬ 
ale  for  using  the  electrohydraultc  vibration  exciter, 
which  proved  in  practice  to  be  valid,  was  threefold: 

1)  the  technique  was  the  mo3t  economical  available 
(it  required  much  lsss  setup  and  operation  time  than, 
say,  low-level  drop*  on  a  MIL-S-901C  shock  machine); 

2)  the  shock  pulses  were  repeatable  to  s  high  degree 
and  always  under  control;  and  3)  ths  shock  pulses 
could  he  shaped  to  give  s  spectrum  which  character¬ 
ises  ths  structu  reborne  gun  blast  shock  to  conform  to 
the  best  available  measured  data. 


TEST  SPECIFICATION 

Since  there  are  no  known  military  test  specifications 
nor  measured  data  to  analyze  the  shock  effects  of  stree¬ 
ts  rebome  gun  blasts  during  repetitive  firing,  a  specifi¬ 
cation  ws*  generated  that  defined  the  shock  input  in 
term*  of  its  response  spectra  rather  Bum  an  arbitrary 
waveform.  The  system  specification  defined  the  design 
requirement  in  terms  of  velocity  and  peak  acceleration 
values.  These  values  are  shown  as  the  nominal  values 
in  Figure  1.  The  velocity  and  acceleration  values  were 
treated  as  the  asymptotes  of  s  response  spectra  to  yield 
a  break-point  frequency  of  80  Hz.  The  waveform  of  the 
input  shoe:;  was  not  specified,  but  was  defined  as  the 
structu  reborne  component  of  on  sir  blast  coupled  to  the 
structure.  The  measured  waveform  then  would  be  ex¬ 
pected  to  be  a  complex  noise  pulse  containing  a  rela¬ 
tively  wide  range  of  frequencies,  ft  was  considered  un¬ 
realistic  to  define  the  shock  in  terms  of  an  arbitrary 
waveform,  since  a)  there  was  no  way  of  relating  a  shock 
pulse,  such  as  a  one-half  sine  wave,  to  the  existing  sit¬ 
uation  and  b)  the  actual  waveform  would  be  too  complex 
to  synthesize. 


Figure  1.  Input  Shock  Reiponie  Spectra  for  • 
Structurebome  Gun  Slut  (Velocity  *»  Frequency) 
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It  was  decided  to  define  the  abock  input  in  terms  of  its 
response  spectra  over  the  frequency  range  from  10  Hz 
to  500  Hz  and  to  set  tolerance  limits  on  the  test.  The 
specified  tolerance  limits  were  set  at  reasonable  values 
of  +«  dB  and  -3  dB  relative  to  the  nominal  acceleration 
as  shown  in  Figure  1.  Figure  1  is  plotted  with  velocity 
and  frequency  as  the  coordinates.  The  velocity  versus 
frequency  plot  is  shown  because  it  is  easy  to  visualize 
the  parameters  of  displacement  and  acceleration. 

The  data  ahown  in  Figures  1  and  2  was  derived  from 
the  system  specification  requirements,  and  the  source 
of  the  data  used  tor  preparation  of  the  system  speci¬ 
fication  Is  unknown.  Upper  and  tower  tolerance  limits 
were  assigned  according  to  test  procedures  and  were 
chosen  to  exercise  reasonable  control  without  being 
uanecee  sarlly  restrictive , 

Figure  t  tacladee  the  earns  data  plotted  as  acceleration 
wrap  frequency  which  are  the  coordinates  plotted  by 
the  available  shook  reap  ones  spectrum  analyser.  It 
should  he  noted  that  the  Intention  waa  to  control  the 
shock  Input  to  the  nominal  value.  The  upper  and  tower 
tolerance  Umtts  are  specified  primarily  to  impose 
limits  on  the  type  of  waveforms  that  will  yield  accept¬ 
able  response  spectra.  At  Illustrated  in  Figure  2  the 
lower  tolerance  Umlt  plots  break,  with  a  horizontal 
displacement  of  0.050  inches  and  a  vertical  displace¬ 
ment  of  0. 01 1  Inches,  at  20  Hz  in  order  to  permit  the 
use  of  a  waveform  taring  zero  total  volocity  change. 

The  response  spectra  is  undefined  in  the  frequency 
range  of  less  than  10  Ha  and  grantor  than  500  Ht.  The 
lack  of  defhdttoo  at  frequencies  less  than  10  Hs  was 
J  aerified  on  the  bee  la  that  none  of  the  teat  specimens 
would  have  rseonent  frequencies  to  that  frequency  range. 
This  turned  out  to  be  not  true  for  some  specimens,  and 
In  all  caaaa  the  rsepcnes  spectrum  waa  {dotted  to  laaa 


The  number  of  shocks  to  be  applied  consecutively  to  the 
same  direct, on  was  the  aifoject  of  considerable  discus¬ 
sion.  The  type  of  failures  expected  to  be  detected,  if 
they  were  present,  included  nonlinear  responses  such 
as  circrit  cards  which  tended  to  "walk"  progressively 
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out  of  the  mating  connector.  The  cumulative  effect 
then  would  be  s  fwctloo  of  toe  number  of  shock  pulses 
sad  the  direction  of  each.  The  total  effect  of  a  number 
of  pulses  to  alternating  directions  would  not  be  the  same 
as  that  for  a  number  of  pulses  which  are  all  applied  in 
the  same  direction.  The  final  test  plan  specified  10 
shock  pulses  in  each  direction  along  each  of  3  mutually 
perpendicular  directions  for  a  total  of  60.  In  addition, 

5  pulses  were  allowed  in  each  axis  for  adjustment  of  the 
shock  pulse  level,  if  required.  The  time  spacing  of  the 
shock  pulses  was  approximately  10  seconds,  which  waa 
long  enough  to  allow  tta  raaponaa  transients  to  decay 
between  pulses. 


TEST  PROCEDURE 

Tta  specified  shock  pulse  was  gs aerated  by  a  ribratloa 
exciter  with  a  peak  force  of  M,  000  I  be  and  an  Exact 
Electronics  Waveform  Oa aerator  monitored  by  a 
response  spectra  anal  year.  Tta  Instrumentation  for 
gMeratlng,  controlling,  aad  recording  a  a  hock  pules 
la  shown  la  Figure  3.  This  Instrumentation  compiles 
with  the  requirements  of  Figure  1.  Tta  shock  pulse 
waa  synthesized  with  an  Exact  Electronics  Waveform 
Generator  and  ms  adjusted  to  yield  the  specified 
shock  response  spectra.  A  wide  range  of  waveforms 
could  have  been  used  to  generate  an  acceptable  re¬ 
sponse  spectrum.  Tta  first  trial  waveform  used  was 
a  simple  approximate  one-half  sine  wave  with  reverse 
'tails"  to  give  zero  velocity. 


Figure  3.  Imirummtation  Setup  for  Generating  and 
Controlling  the  Shock  Rnpome  Spectrum 


The  vibration  exciter  that  waa  used  has  parameters  of: 

Peak  Force  50, 000  lbs 

Peak  Velocity  17  to. /esc 

Stroke  1  |n. 

Response  dc  to  250  Hz 

minimum 


Figure  2.  Input  Shock  Reaponae  Spectra  for  and  wss  demonstrated  lo  have  sufficient  capacity  to 

Structurcborne  Gun  hlaat  (Acceleration  va  Frequency)  generate  the  a  peel  fled  shock  puiae  sa  a  single  (non- 


i  :n 


eh!*-. 


repetitive)  pulse.  Figure  4  is  a  photograph  of  the  test 
setup  for  an  electronic  cabinet  in  the  horizontal  axis. 

A  typical  shock  response  speoUuz;  plot  is  shown  in 
Figure  5.  The  waveform  and  response  spectrum  varies 
somewhat  with  the  dynamic  characteristics  of  the  sam¬ 
ple  and  fixture.  There  was  no  attempt  to  optimize  the 
response  spectrum  for  each  test  specimen.  Figure  6 
shows  the  response  spectrum  aud  waveform  for  a  hori¬ 
zontal  y-axla  shock  pulse  on  a  top-supported  electronic 
cabinet.  The  peak  acceleration  was  controlled  to  the 
nominal  value,  and  it  was  not  necessary  to  adjust  the 
waveform  for  the  samples  tested. 


Figure  4.  Setup  for  a  Structurebomc  Gun  Shock  Test 
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Figure  5.  Input  Shock  Response  Spectrum  and  Input 
Waveform  for  a  Typical  Test  in  the  Vertical  (Z)  Axis 
(C/^  -  0.1) 
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Figure  i.  Input  Shock  Response  Spectrum  aud  Input 
Waveform  for  a  Typical  Teat  in  the  Horizontal  (Y)  Axis 

(C/c0  “0.1) 


TEST  RESULTS 

The  reeulta  of  the  shock  tests  revealed  much  more 
response  than  was  expected;  the  primary  Idicatlon  of 
anomaly  waa  system  interrupts  In  a  number  of  different 
units.  These  ahock  testa  were  conducted  to  detect  con¬ 
ditions  which  could  cause  problems  In  the  system  during 
sea  trials.  Some  of  the  results  are  described  briefly 
in  the  following  paragraphs. 

Figure  7  shows  the  shock  response  spectra  at  the  Input 
and  output  of  the  shock  Isolators  of  a  cabinet.  The 
transmiasibility  of  the  Isolator  was  plotted  and  the  plot 
showed  that  the  isolators  were  tuned  to  18  Hz  Instead  of 
10  Hz  as  expected.  The  Isolators  then  transmitted  an 
appreciably  higher  shock  level  than  the  design  condition. 
The  isolator  design  was  subsequently  modified  to  pro¬ 
vide  the  designed  isolation  frequency  of  10  Hz. 

An  electronic  cabinet  was  found  to  have  a  panel  circuit 
breaker  which  tripped  under  the  shock  input.  Examina¬ 
tion  and  accelerometer  data  indicated  that  the  panel  was 
resonant  at  a  relatively  low  frequency  which  approxi¬ 
mately  matched  the  peak  of  the  input  shock  spectrum. 
The  panel  was  stiffened  and  the  circuit  breaker  no  long¬ 
er  tripped  at  the  specified  shock  level.  The  same  unit 
had  an  Intermittent  connection  in  a  circuit  card.  Sub¬ 
stitution  of  another  card  removed  the  Intermittent  con¬ 
dition  and  the  unit  was  capable  of  operating  through  the 
shock  pulse. 

A  digital  card  rack  having  a  high  density  machine- wired 
beck  plane  was  shown  to  have  conductive  debris  trapped 
in  the  wire  bundles.  The  shock  pulses  caused  migration 
of  the  particles  and  several  short  circuits  within  the 
wiring.  The  unit  had  previously  been  vibrated  until  the 
release  of  particles  had  dropped  to  essentially  zero. 

The  vibration  level  waa  approx! mutely  1  gravity  to  a 
maximum  frequency  of  33  Hz.  The  shock  Input  was  10 
to  25  times  higher  than  the  vibration  acceleration  and 
excited  the  entire  frequency  spectrum.  The  teat  unit 
operated  through  10  oonaecutive  shocks  In  each  direc¬ 
tion  In  each  of  3  axes  after  approximately  120  shocks. 
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CONCLUSION 


No  physical  da mift  was  expected,  and  none  was  ob¬ 
served  during  the  teats,  since  all  of  the  units  tested 
were  designed  for  MIL-S-901C  shock  which  has  shock 
Inputs  10  to  50  times  higher  than  those  specified  for 
structureborne  gun  shock. 


Figaro  7.  Shock  Trsnwnwrihilky.  The  plot*  ikow 
the  sweated  i  ’ock  rcaponss  tpectra  at  the  input  and 
oarpat  of  irolaton  and  the  derived  trafumtttibility  at 
daaiprag  -ario  (C IqJ  of  0.10. 


The  test  method  described  herein  Is  useful  for  detecting 
nuisance  malfunctions  In  hard-mounted  complex  elec¬ 
tronic  assemblies  which  are  required  to  operate  without 
Interruption  and  are  subjected  to  structureborne  shocks 
at  levels  characteristic  of  gun  firing.  The  shock  levels 
are  at  levels  of  approximately  1/20  of  the  level  of 
MIL-S-901C  and  consequently  give  a  measure  of  clroult 
fragility  at  levels  roughly  equivalent  to  the  response  to 
vibration.  Vibration  per  MIL-STD-167  extends  through 
the  frequency  range  of  4  to  39  Hr  and  does  not  yield 
data  relative  to  the  response  la  the  S3-  to  SOO-Hz  region 
of  the  spectrum,  which  Is  strongly  excited  by  structure- 
borne  gun  shock  of  the  type  specified. 

This  test  method  was  Included  with  the  vibration  teat 
sad  was  spectrum  ooatroUsd.  >  the  equipment  Is 
available,  the  test  Is  relatively  Inexpensive  and  caa  bo 
applied  for  qualification  or  loooftfMot  tefltinf  of  oom* 
ptaa  shipboard  electronic  eqalpawots. 
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DISCUSSION 

Nr.  Porkola:  (ML)  You  caa  do  the  eaae  thing 
ea  the  nadlua  weight  shock  aachlna  by  reducing 
the  height  of  the  lister  drop! 

Mr.  Foley:  (Hughes  Aircraft  Co.)  I  think  the 
reason  we  chose  this  was  because  we  could  hit 
60  to  120  shock  impulses  and  have  than  fall  right 
on  the  Una,  I  don't  think  I  could  do  that  with 
the  nedluai  weight  shock  nachlna,  we  here  tried 
to  do  it  with  the  medlim  weight  shock  nachlna 
but  we  wars  not  successful.  Right  now  we  are 
using  a  toft  deck,  1  don't  know  if  you  are 
faelller  with  that  or  not,  and  we  era  trying 
to  gat  tot  repeatability  but  at  that  tlwa  wa 
couldn't  gat  It  on  nadlua  weight  chock  aachlna. 

Mr.  Donohue:  (Naval  Weapon  Canter)  And  tlao  aa 
a  natter  of  coat  this  teat  haa  worked  right  In 
with  tha  HU  Std  167. 

Mr.  Foley:  Yea,  that'*  right,  it  was  on  tha 
•ewe  aachlna  we  could  complete  our  vibration 
sat  up  and  do  tha  shock.  There  wet  no 
additional  fixture  required. 

Mr.  Foxhole:  My  only  concern  la  this  la  a  low 
level  shock  Input  end  by  no  atratch  of  tha 
Imagination  should  this  be  considered  a 
substitute  for  tha  MIL- STD  90 1C  teat. 

Mr.  Donohue:  No,  It  isn't. 


Mr.  FOrkols:  t  have  used  tha  nadlua  weight 
shock  aachlna  with  Inclined  bulk  head  which 
allowed  an  to  gat  shock  conponsnts  In  three 
directions  simultaneously  down  to  Isvsls  ss 
low  ss  3  1/2  g's  end  3  Rs  frequency  by  the 
staple  expedient  of  using  lsolstlng  mounts 
between  tha  structures  and  tha  table  Itself. 

It's  a  very  versatile  aachlna  and  you  can  do 
that.  Tha  only  difficulty  that  I  think  can 
happen  hart  is  that  you  aay  not  be  able  to 
drop  the  hammer  repeatedly  In  20  seconds  It 
might  taka  you  30  seconds  to  drop  It  and  Instead 
of  dropping  It  2  1/2  feat  you  nay  drop  It 
6  Inches  and  gat  the  tana  effect  with  all  tha 
frequency  cowponanta  that  exist  In  tha  stand¬ 
ard  mounting  for  the  standard  test  If  this  Is 
what  you  ars  looking  for. 
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DYNAMIC  PROPERTIES  OP  CONCRETE  UNDER  IMPACT  LOADING 


G.  R.  Grlner,  R,  L.  Slerakowskl,  and  C.  A.  Rota 
Dapartaant  of  Engineering  Seleneea,  Uni vara It;  of  Florida 
Galneavllla,  Florida 


Experimental  atudlea  ware  conducted  to  determine  the 
djaaalc  Inpact  behavior  of  concrete  bar  epaclaMna  at  atreaa 
lavala  near  or  balou  the  tenalle  failure  atrength  of  the 
aaterlal.  Strain  pulaa  propagation  charactarlatlca  were  mon¬ 
itored  with  pulaa  ahape  change,  pulaa  propagation  apead,  and 
amplitude  attenuation  cataloguad  for  bare  of  varying  dlaaeter 
and  particle  aggregate.  Dynamic  lnpacta  were  Introduced  Into 
long  bar  a  pec  latent  by  the  uae  of  an  air  gun  with  Inpact 
velocities  In  the  ranga  of  100  to  800  ln/aec.  Three  ateal 
lapactora  (ball,  1"  cylinder  with  henlapherlcal  note,  2" 
cylinder  with  henlapherlcal  note)  were  uaed  to  obtain  varying 
pulee  lengtha.  The  affecta  on  pulaa  ahape  and  length  were 
recorded  for  bare  with  a  protective  ateal  cap  0.23”  thick  and 
the  reaulta  coopered  with  the  data  for  uncapped  bare.  In 
addition,  dynanlc  threahold  Impact  velocity  naaaurencnta  were 
nada  to  deternlne  Initial  fracturea  for  each  type  ot  lnpactor. 


INTRODUCTION 

Aa  a  atructural  notarial,  concrete  la  often 
uaed  aa  a  protective  and/or  containment  medium 
for  In pact  and  bleat  loadlnga.  For  auch  app¬ 
lications,  an  aaaeaanent  of  saaterial  degra¬ 
dation  and  danage  are  Important  failure  cri¬ 
teria  to  eatabllah.  In  general,  three  fracture 
reglone  are  readily  apparent  and  may  be  Identi¬ 
fied  ae  1.)  a  pulverised  or  crater  region,  2.) 
a  region  of  cruehed  aggregate,  and  3.)  a  region 
of  numerous  mlcrocracka  In  which  elastic  waves 
can  be  considered  Important  (Figure  1).  Since 


Dynamic  Loading 


Figure  1,  Effects  of  Dynamic  Loading  on  a 

Rock  Medium  (I,  Crater  Region:  II, 
Crushed  Aggregate:  III,  Clastic 
Region) 
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concrete  Is  Inherently  weak  In  tension,  wave  pro¬ 
pagation  through  this  latter  region  can  pro¬ 
duce  nlcrocrecks,  scabbing,  or  corner  fractures 
when  the  dynanlc  tensile  strength  of  the  con¬ 
crete  Is  exceeded. 

Currently,  only  a  United  amount  of  data  Is 
available  In  the  open  literature  on  the  dynamic 
behavior  of  concrete.  This  lack  of  Information 
makes  It  difficult  to  establish  criteria  for  use 
In  designing  protective  and  containment  struc¬ 
tures.  A  currently  used  design  criteria  Is  to 
select  the  dynamic  tonsils  strength  as  twice 
the  static  ultimate  tensile  strength,  [1]. 

Studies  on  the  dynamic  comp-esslve  strength  of 
concrete  have  also  been  reported  In  [2]. 

Results  from  these  studies  show  that  (a)  the 
compressive  strength  increased  with  the  rate  of 
loading  and  was  twice  the  static  value  for  in¬ 
termediate  loading  rates  (10  in/ln/sec),  (b) 
the  dynamic  elastic  modulus  was  found  to  be  1.3 
tines  the  static  value,  and  (c)  that  the  Impact 
resistance  of  the  material  was  found  to  Increase 
with  the  rate  of  loading.  Additional  Investi¬ 
gations  of  the  dynamic  properties  of  Impacted 
concrete  bar  specimens  [3,4]  have  shown  that 
the  wave  propagation  velocity  Is  slnllar  to 
that  In  Igneous  rocks,  that  the  dynamic  elastic 
nodulus  Is  greater  than  the  static  value  and 
that  pulsas  of  short  duration  and  high  rise 
time  propagate  with  llttla  dispersion  and  soma 


tabl*  1.  Sn—  ry  of  grain  alza  properties  and  ala  proportions 
for  aggragataa  A- 3  and  A-4. 


attanuatlon,  tba  Uttar  dapandant  apoa  tha 
apaclftc  atraln  laval.  Moat  racant  atudlaa  [1] 
lndlcata  that  a  atraln  anargy  fracture  crltarloa 
any  provide  a  aaanlng ful  gulda  for  daalgn 
agalnat  apall  and  corner  fracturea.  Alio,  aoaa 
currant  reaulta  obtained  for  brittle  aatarlal 
other  than  concrete  [3]  lndlcata  that  a  static- 
tlcal  correlation  between  static  tensile  frac¬ 
ture  and  corresponding  wave  propagation  failure 
In  long  bar  speclaens  nay  be  possible. 

In  the  present  Investigation,  Information 
relative  to  the  alcrocrack  region  has  been  ax- 
perlaantally  obtained  on  Instrumented  long  bar 
speclaens.  These  speclaens  have  been  lapul- 
■lvely  loaded  using  lnpactors  of  different 
length  and  shape,  with  the  spec  lawns  being  of 
variable  dlaaeter  and  concrete  aggregatea.  The 
bars  have  been  impacted  at  stress  levels  well 
below  the  coapreaslve  strength  of  the  aatarlal 
In  order  to  Investigate  the  extent  and  nature 
of  the  tensile  fracture  phenomenon  occurring 
within  the  speclaens.  Surface  strain  gages 
have  been  used  to  measure  the  strain  pulse  pro¬ 
pagation  characteristics  Including  pulse  shape 
change,  pulse  speed  and  amplitude  attenuation. 

In  addition,  changes  In  particle  aggregate 
elsea  along  with  bar  geometry  changes  have  been 
studied  for  potential  scaling  purposes. 


SPECIMEN  PEEPAIATION 

The  concrete  speclaens  were  fabricated 
from  high  early  strength  cement,  Portland  Type 
III  and  an  aggregate  with  a  low  unlforalt 
coefficient,  (l.e.  the  grain  diameters  are 
homogeneous  In  size).  Selection  of  aggregate 
was  made  such  chat  scaling  between  bars  of 
varying  diameter  and  aggregate  size  could  be 
Investigated.  Table  1  summarizes  tha  gradation 
and  grain  alza  data  which  Include  the  mean 
diameter  (Djq),  the  uniformity  coefficient  (Cy), 
the  eoll/ceaent  retlu  (e/c)  end  the  water/cemant 
retlo  (w/c).  The  eggregetee  used  were  99. SX 

sio2.* 

The  teet  speclaens  wars  fabricated  for  two 

^Private  conversation,  Al  Plorl,  ML  Industrie* 
Edgar,  Pla. ,  8  July,  1974 


geometrical  diameters,  0.79  Inches  aad  1.90 
Inches.  Molds  foe  tha  specimens  wars  construc¬ 
ted  from  PVC  tubas  split  oa  two  sldas  180°  apart 
for  easy  removal  after  setting  of  tha  concrete 
had  occurred.  Than  sods  of  tha  nolda  were 
sealed  by  rubber  stoppers;  a  nunber  3  stopper 
was  used  for  the  0.79*  nold  and  a  nunber  9  for 
tha  1.30"  aold.  Aa  elaborate  taping  procedure 
was  davsloped  to  prevent  leaking  of  the  water/ 
ceaent  mixture  from  the  aold.  Duct  tap*  we* 
used  to  teal  tha  longitudinal  aaaaa  and  aaaklng 
taps  was  wrapped  around  tha  aold  to  keep  It 
froa  axpandlng  laterally.  Electrical  tape  was 
uaad  to  seal  tha  rubber  atoppara  to  the  aold. 

An  oil  baas  aold  release  agent  was  coated  on  tha 
lnalda  surface  of  tha  aold  before  casting  to 
prsvsnt  adhesion  of  tba  caswnt  to  tha  aold. 

Tha  alx  proportions  ware  adjusted  for  tha 
combination  that  resulted  In  a  bar  with  tha 
beat  (saooth)  surface  for  atraln  gaga  applica¬ 
tion.  Tha  paraaatars  Involved  In  tha  alx  pro¬ 
portions  wars  tha  soll/camant  (s/c)  ratio  and 
tha  watsr/caswnt  (w/c)  ratio.  Iha  s/c  ratio 
was  selected  to  be  2  to  1  for  high  strength 
properties  and  tha  w/c  was  adjusted  In  a  range 
of  ,30  to  .63.  Values  of  .36  for  tha  A-3  agg¬ 
regate  and  .30  for  the  A-4  aggregate  resulted  In 
bars  with  atnlael  surface  air  pockets,  good  con¬ 
solidation,  and  little  or  no  water  leakage 
through  the  scene  aad  ends  of  the  aold. 

Concrete  we*  nixed  In  quantities  sufficient 
to  prepare  three  speclaens.  The  alx  was  added 
to  a  prepared  aold  In  a  vertical  poeltlon  In 
two  Inch  layer*,  consolidated  by  taaplng  with  a 
flat  ended  3/8  Inch  fiber  glaa*  rod,  and  eealed 
•lth  tha  upper  stopper  and  electrical  tape, 
ihe  sealuu  concrete  filled  aold  was  then  leld 
horizontally  for  thi  e  days  to  allow  for  setting 
of  the  concrete  after  *.hlch  tha  suld  was  then 
renoved  and  the  bar  lstnsrsed  In  water  at  room 
temperature  (76°F)  for  a  period  of  4  days. 

After  tha  7  day  curs  tins  the  bar  was  allowed 
to  air  dry  for  a  minimum  of  3  days  before 
tasting.  For  the  case  of  tha  28  day  curs 
speclaens  tha  procedure  was  the  same  except  the 
cure  In  water  was  Increased  froa  4  days  to  23 
days. 

Exaaplaa  of  typical  concrete  bar  specimens 
are  shown  In  Figure  2.  The  bars  taka  tha  shape 
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Ilian  2.  typical  Coocrete  lit  Specimens 


Figure  3.  ImCruaMncad  teat  Specimens 
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Figure  4.  Air  Gun  and  Instrumentation 


of  the  molds  which  or*  not  perfectly  round  and 
hava  tow  In*  Ida  aur  far  a  lrragularltlaa.  How- 
avar,  tha  resulting  nominal  diameters  ara  0.75 
and  1.30  Inc  hat  respectively  and  ara  wall  aultad 
for  purpoaaa  of  aaparlwantal  Invest  Igat loo. 


umnraiu.  affaiatos 

Strain  pulaaa  wara  Matured  by  atraln 
gages  bond ad  to  tha  aurfaca  of  tha  apaclaana 
using  laatwan  910  c ament.  SLH,  St-4  papa, 
back  atraln  gagts  of  lengths  0.13  lnchaa  (FAF- 
12-12W)  and  0.30  lnchaa  (FtF-30-1236)  wara  uaad 
to  Manure  tha  atraln.  Tha  gagaa  were  diametri¬ 
cally  placed  on  tha  bare  and  connected  la  aarlaa 
la  order  to  eliminate  any  beading  coapooeata 
praaent  In  tha  atraln  pulae.  Each  bar  waa  laat- 
rumen ted  at  three  atatlona  (aee  Figure  3). 

•train  naeeur amenta  wara  obtained  ualng  a 
atraln  gage  bridge,  a  Tektronix  Type  1A7A  diff¬ 
erential  preamplifier  and  a  T-ktronlx  Type  336 
dual  bean  oacllloecope.  The  atraln  pulaaa  wara 
recorded  photographically  ualng  Folarolo  Type 
127  film  from  the  oecllloacope  trace  while  In  a 
elngle  awaap  trigger  mode.  A  cryetal  trana- 
ducar  mounted  on  the  apaclmen  at  tha  Impact  and 
waa  uaad  to  trigger  tha  oacllloacopa.  The 
atraln  gaga  laada  wara  ahlelded  to  eliminate 
no  lea. 

Dynamic  impact a  on  tha  coocrr-a  apaclaana 
were  produced  by  an  air  gun  aa  shown  In  Figure 
A  and  daacrlbed  In  detail  In  [6].  Tha  Impact 
valocltlee  wara  determined  by  naaeurlng  tha 
time  Increment  tha  projectile  required  to  Inter¬ 
rupt  two  light  beame  paaalng  through  drilled 
holea  4  lnchaa  apart  at  the  and  of  tha  gun 
barrel.  Aa  tha  projectile  paaaad  through  each 
light  beam  tha  output  of  tha  photocell  waa 
changed  caualng  a  atep  In  tha  output  algnal. 

The  output  of  each  photocell  waa  dlaplayad  on  a 
Tektronix  Type  349  etorage  oacllloacopa  and  tha 
time  Increment  between  tha  voltage  atapa  of 
each  trace  ware  recorded.  Oacllloacopa  tri¬ 
ggering  war  Initiated  by  tha  change  In  output 
of  the  flrat  photocell. 

The  concrete  epeclmene  were  aupported  by 
aeml-c lrcular  tefloo  aupporta  which  could  be 
adjuated  both  laterally  and  vertically,  (aee 
Figure  5).  The  teflon  aupporta  reduced 
friction  end  allowed  free  auapenalon  of  tha 
apeclmen.  The  apaclmen  waa  aligned  to  the  bora 
of  tha  gun  barrel  for  concentric  lapacta,  with 
the  apeclmen  and  aupport  aaaembly  encloaed  In  a 
protective  plywood  box  to  contain  apallatlon 
and  projectile  ricochet. 


STATIC  TESTS 

Static  tenalla  and  compressive  teata  wara 
conducted  on  the  concrete  epeclmene,  with  taat 
data  reported  In  Table  2.  Tha  danulty  of  tha 
concrete  compoaed  of  aggregate  A-3  waa  found  to 
be  130  lb/ft'  and  for  the  concrete  compoaed  of 


A-4  aggregate  )40  Ib/ft^.  Spec  Inane  for  tha 
eta tic  compraaalva  teata  (eea  Figure  6)  were 
cut  from  long  bar  apaclmana  auch  -hat  tha 
length  to  diameter  ratio  waa  2.  Tha  end  aur- 
facea  were  ground  flat  amd  teflon  abaetlng  waa 
uaad  at  tha  enda  of  the  apeclmen  to  reduca 
friction  affacta.  Tha  0.73  Inch  dlaMter  aped- 
mine  wara  taatad  In  a  Tlnlue-Olaon  teetlng 
machine  at  a  croaahead  apaad  of  0.01  ln/mln  and 
at  a  load  range  tatting  of  6,000  lb.  A  deflec- 
tometer  waa  uaed  to  detect  the  croaahead  motion 
and  in  turn  waa  recorded  on  aa  oeclllograph. 
Compra salon  waa  coatlaaad  eat 11  fracture  of  tha 
apaclmen  occurred. 

A  second  testing  machine  with  a  greater 
load  capacity  urns  required  to  obtain  tha  ulti¬ 
mata  strength  ot  the  1.30  lack  dlaMter  sped- 
mans.  Thus,  modulus  of  elasticity  waa  deter¬ 
mined  from  tha  Tlnlua-daom  tasting  machine  and 
ultimata  strengths  determined  from  tha  second 
machine.  The  resulting  fractures  were  gener¬ 
ally  of  tha  obaerwed  cane  chape  aa  shown  in 
Figure  7. 

Compraaalva  teste  ware  also  conducted  on 
apaclaana  3  Inches  In  dlaMter  and  6  lnchaa  long 
ao  that  comparison  ulth  tha  raaults  for  tha 
SMllcr  dlamater  apaclaana  could  be  Mde. 
Concrete  has  been  shown  to  exhibit  a  strength 
effect  ae  a  function  of  speclMO  also  ana  he* 
baan  dlscuaaad  In  reference  [7].  However, 

•lie  effect!  are  last  significant  aa  the  homo¬ 
geneity  of  tha  concrete  la  Increased.  All  of 
tha  large  cylinders  taatad  wars  capped  with  a 
sulfur  compound  called  "fly  ash"  to  insure 
uniform  loading.  Good  agreement  of  tha  ultimate 
strength  data  raeultad. 

TWo  type!  of  tension  testa  wara  conducted. 
Tha  flrat  consisted  of  speclMne  3  Inches  In 
length  and  0.73  Inches  in  dlaMter  cut  from  the 
long  bar  apaclaana.  Special  steal  pulling  ends 
wara  fabricated  and  glued  to  the  ends  of  the 
spec imen  using  Devcon  "3  minute"  epoxy.  The 
pulling  ends  consisted  of  steel  disk*  0.23 
Inches  thick,  with  eyebolts  threaded  Into  the 
disks.  The  eyebolts  wara  than  attached  to  the 
loading  machine  as  shown  In  Figure  8,  This 
method  of  tension  teetlng  has  been  used  pre¬ 
viously  with  som  success,  [3,7]  however, 
introduction  of  bending  stresses  unavoidably 
develops,  end  lower  values  of  ultlsmte  strength 
were  recorded  In  this  series  of  tests  as  coo¬ 
pered  with  the  reaults  of  the  "Briquet  Tests” 
subsequently  described. 

Tension  tests  ware  also  conducted  on 
specimens  1.50  Inches  la  dlaMter  and  6  Inches 
In  length.  Pulling  ends  similar  to  the  once 
described  previously  were  constructed  for  the 
larger  alee  speclme.is.  Fractures  Invariably 
resulted  at  ths  epoxy  joint,  however,  within 
the  concrete  itself.  This  Indicates  bending 
•tress  build  up  and  substantiates  the  pre¬ 
viously  drawn  conclusion.  Hence,  tension  test 
data  for  larga  dlaMter  cylinders  appears 
questionable. 
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Table  2,  Static  Properties 
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Haw  1.  typical  tutu  Caapraaalaa 

INftatM 


The  eecood  aethod  of  twloa  tooting  la- 
mini  tka  caitlnt  of  tka  concrete  Into  aapa- 
clally  deelgned  nolda.  The  ahape  la  abown  la 
Figure  9  and  waa  daalgnad  auch  that  concantra- 
t Ion  of  tha  load  occura  at  tha  narrow  portion 
of  tha  briquet.  Tha  load  la  dataralnad  froa  a 
proving  ring  calibration  chart.  Oltlaata 
atrangtha  la  tana  Ion  wara  aubatantlally  higher 
froa  thia  taat  aarlaa  and  graatar  confidence  la 
placad  upon  there  valuea  bacauaa  of  ualforalty 
of  a  pec  Iran  failure. 


fbactou  numi  impact  nioctn  kuvumuti 

Ojmaaic  Impact  taata  wara  conducted  oa  non- 
lnatrumantad  concrata  bare  In  otdar  to  deter- 
alna  tha  alnlnua  velocity  required  to  cauaa  a 
elngla  tanalla  fracture.  Iha  affecta  of  tha 
addition  of  a  protective  ataal  cap  to  the  Im¬ 
pact  and  wara  alao  lnveatlgatad.  Bar  dlamatera 
of  0.73  and  1.30  lnchae  wara  uaad  with  tha  A-3 
aggregate  and  a  diameter  of  1.30  lnchaa  waa 
uaad  for  the  1*4  aggregate.  Soma  typical  frae- 
turaa  are  ehown  In  Figure  10.  A  range  of  Im¬ 
pact  velocltler  wore  uaad  In  order  to  eotabllah 
tha  lowar  threehold  velocity  limit  for  a  tin¬ 
gle  fracture.  For  caaaa  whore  tha  bar  waa  not 
fractured,  repeated  teata  ware  conducted  at  tha 
etna  or  higher  Impact  valocltlee  to  determine 
If  tha  dynamic  characterlatlca  changed  due  to 
tha  prevloua  paaaage  of  a  tanalla  wave  through 
tha  apeclmen.  Alao,  for  aoaM  bora  tha  frac¬ 
tured  epee  Inane  ware  rebonded  ualng  Dave on  "3 
minute  '  epory  and  repeated  dynamic  tatting  con¬ 
ducted.  A  e nwn try  of  tha  threahold  Unite  era 
given  In  Table  3. 


ULTBAJ0M1C  TUTS 

Oltraaonlc  taat  apac  laama  0.23  lnchaa  and 
0.30  lnchaa  wara  cut  froa  both  unahockad 
(virgin)  brra  and  pravloualy  ahockad  (one  or 
■ora  prior  lmpacta)  bare,  loth  tnda  of  the 
apac inane  wara  ground  flat  and  0.13  Inch 
dlamatar  tranaducere  ware  aounted  to  produce 
axial  motion,  lhaae  taata  wara  conducted  aa  a 


Figure  g.  Static  lhaalan  Taat  Fixture 

aaparata  lnveat  lgatloa  aad  carved  aa  a  c on- 
par  1  eon  for  the  data  obtained  from  the  dynamic 
laatruaanted  Impact  taata. 

A  Uavetak  Nodal  1A4  wave  generator  pro¬ 
vided  tha  Input  algaal  frequency  of  800,000 
hartt.  Tha  output  algaal  vue  read  directly  by 
a  Tektronix  Type  3431  oeeUloecope  and  tha 
Input  and  output  elgoale  wara  than  almultaaao- 
uely  displayed  on  tha  oecilloacope  trace.  Tha 
time  required  for  tha  flret  wave  to  travaraa 
tha  thlckneee  of  tha  epectena  waa  obaarvod  and 
wave  epaed  calculated.  The  dynamic  modulua 
wae  than  determined  by  aelag  tha  alaetlc  wave 
epaed  equation  (B  *  pc2). 

loam  typical  wave  patterne  for  tha  0.23 
Inch  and  0.30  Inch  epeclemaa  have  bean  ehown  In 
Figured  11  and  12  and  tha  moulting  ultraaonlc 
teat  data  have  been  gleam  la  Table  4. 


DYNAMIC  IMPACT  TfSTS 

A  total  of  twelve  hare  ware  lnatrumantad 
with  atraln  gagea  for  dynamic  lapact  teatlng. 
Repeated  lapacta  wara  conducted  oa  tha  bare 
ualng  tha  following  leper tot  a:  ephare,  1” 
cylinder  with  haalapbartcal  noaa,  2"  cylinder 
with  haniapbarlcal  noaa.  Mat  awaap  apaada 
(20u  aac/ca)  oa  tha  oacllloacopa  were  uaad  to 
obtain  data  tor  calculating  pulao  a  peed  and 
datarntnlng  pulao  aha pea  far  each  type  of 
Impact or.  Slow  awaap  apaada  (20CU  oec/ca)  wara 
uaad  to  obaerva  pulaa  attenuation.  Some  typi¬ 
cal  pulea  ahapea  have  bean  Included  In  Flguraa 
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rifur*  9.  Briquet  fluctuant  Oaad 
U  Static  TmiIm  Iota 
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Ml*  4.  Ultrasonic  last  Data 
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traaaducar  placed  oa  slaca  of  wind  c 


20  u  sae/ca 
figure  13.  ftrala  Mi  Isa  Fropagatlat  la  aa 
0.75  lack  Dlaaatar  Coacrata  la* 
(tail,  204  In/ sac,  u,  A-J,  21, 
2(1*  sac/ca,  0,2  a  valt/ca. ) 


t  ■  20  u  aac/ca 

figure  14,  ftrala  Mslsa  Propagating  la  aa 
0,75  lack  Maaatar  Coacrata  far 
(l",  153  In/sac,  c,  A-J,  7,  2% 
sac/ca,  0.5  a  volt/ca,  louar 
signs It  reversed) 


i-  *' 


t  *  20  U  ire / cm 

Figure  13.  Strain  Full*  Propagating  In 
a  1.30  Inch  Diaaatar  Concrata 
Bar  (1M,  US  la/aae,  C,  A-3,  7, 
20  u  aac/ca,  .3  a  volt/ca) 
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t  •  200  u  aac/ca 

Figure  IS.  strain  Full*  Attenuation  In  a 
1.30  Inch  Dlaaater  Concrata  Sar 
(■all.  331  In/aac,  0.  A-A,  7, 
200  u  aac/ca,  .2  a  volt/ca) 


t  •  50  u  »ac/coi 

Figure  17.  Effecta  of  an  Epoxy 

Joint  on  Pule*  Propagation 
(1",  444  ln/aac,  U,  A-3,  7, 
_ 30  u  Mc/tB,  .3  a  volt/co) 


t  ■  30  U  aac/ca 

Figure  18.  Effect*  of  an  Epoxy 

Joint  on  Fulae  Propagation 
(1",  229  ln/aac,  C,  A-3,  7 
20  u  aac/ca,  .5  a  volt/ca) 


t  ■  20  u  aec/cm 
Figure  20.  Strain  Amplitude  a*  a  ^inctlon  of 
Inpact  Velocity  (1.50  diameter, 
A-3,  7  day  cure,  apharlcal  impac- 
tor,  .2  a  volta/cm,  20u  aac/ca, 
0.50  Inch  cap,  V,  •  200  ln/aec,  Vj 
•  333  ln/aec,  Vj  *  476  ln/aec) 


13-16.  Detail*  of  each  test  are  given  In  paren- 
that**  la  the  following  order:  projectile, 
velocity,  end  condition  (u- uncapped ,  c-cepped), 
aggregate,  cure  time,  oecllloecope  sweep  speed, 
oscilloscope  voltage).  Steel  caps  0,23  laches 
la  thickness  war*  used  on  several  of  the  bars 
tested.  The  diameter  of  the  caps  astchcd  the 
disaster  of  the  bar  to  which  It  were  attached. 
All  caps  wsr*  boodsd  to  the  bars  uslag  Devcoo 
^  alnuts"  epoxy. 

After  repeated  lapse ts,  the  tea* lie 
stress  waves  created  weak  area*  la  the  bar 
being  tested  with  fracture  or  hairline  cracks 
geaerel ly  noted.  Whan  fracture  did  occur,  the 
speclaea  was  reboeded  using  Dsvcoo  ”3  minute" 
•pony  aad  the  bar  was  rstsstsd.  For  bars 
where  fracture  occurred  beyood  the  third  gage 
scat lea,  pulse  characteristics  wsr*  recorded 
for  fast  sweep  speeds  la  order  to  observe  the 
first  palse  passage.  She  laforaat loa  obtained 
la  this  a* soar  was  found  to  be  equivalent  to  a 
bar  without  a  fracture  as  long  as  Interference 
did  not  occur  for  the  Incident  coaprasslve  aad 
reflected  tensile  pulses. 

fwlss  propagation  characteristics  through 
aa  epoxy  Joint  between  gage  stations  were  alto 
obtained.  Soae  typical  data  has  been  Included 
in  figures  17  and  IS. 


•SSO.lt  A»  DISCUSSION 

Data  obtalnsd  froa  the  Dynaalc  Impact  lust 
series  Indicate  that  the  velocity  required  to 
produce  a  single  tanella  fracture  1*  reduced  as 
the  lapactor  length  Increased.  In  addition, 
the  Influence  of  a  cap  at  the  Impacted  end  of 
a  bar  appears  to  ceue-  tensile  failure  nearer 
the  distal  end  of  the  bar.  Aleo,  repeated 
lapacts  on  previously  tsstsd  and  rabondsu 
tpsclasns  tend  to  produce  random  fracture*. 

Insults  froa  the  ultrasonic  tests  conduc¬ 
ted  Indicate  that  thickness  of  speclaans  tested 
Is  laportant  In  establishing  wave  speed  data 
with  higher  wave  speeds  in  thicker  speclaans. 
Also,  wave  speed*  dstsralnud  In  concrete  con- 
posed  of  A- 3  and  A-4  type  aggregates  were  found 
to  be  slallar.  It  was  observed  that  concrete 
of  longer  cure  tine  had  a  slightly  higher 
wavs  speed;  this  result  occurring  due  to  the 
Increase  In  aodulus  with  Increasing  cur*  tins. 

In  general,  pulse  propagation  speeds 
deteralned  froa  bar  lapect  studies  were  found 
to  be  in  th*  rang*  of  118,000  Inch**  per 
second  to  130,000  Inches  per  sec on  and  In 
agreesant  with  results  froa  the  ultrasonic 
tests.  Have  shapes  war*  approximately  a  half 
sin*  wav*  with  long  rise  ttaes,  end  almost 
symmetrical  about  th*  peak  magnitude  point. 

Observations  of  th*  pulses  froa  photo¬ 
graphs  of  fast  sweep  speeds  (20u  sec/ca)  Indi¬ 
cate  the  pulse*  propagate  with  llttl*  or  no  ob¬ 
servable  attenuation  and  dispersion  aad  reaaln 
elastic  In  character  during  Initial  travsrss 


along  the  bar.  The  absence  of  attenuation  aad 
dlsperrlon  did  not  appear  to  depend  on  bar  geo¬ 
metry  as  used  In  this  study  aad  can  be  noted 
by  coaparlag  figures  14  aad  IS. 

frsvlous  studies  [3]  oa  concrete  rod  spe¬ 
cimens  Indicate  that  a  solid  friction  model  Is 
representative  of  the  resulting  data.  However, 
there  Is  aa  order  of  aagnltud*  difference  In 
th*  lapect  velocities  In  that  particular  study 
and  tha  study  presented  her*.  The  author  [3] 
further  goes  on  to  say,  baaed  upon  past  dynaalc 
•tudles  on  rock  spec 'seal  that  "say  aaterlal 
will  behave  aa  aa  alaatlc  solid  below  a  critical 
stress  level,  will  exhibit  attenuation  above 
this  level,  aad  will  re gals  its  elastic  beha¬ 
vior  upon  saturation  of  alcroacoplc  structural 
damage."  If  this  situation  does  Indeed  occur 
for  concrete  then  It  1*  possible  for  lapect 
velocities  at  or  near  the  tensile  failure 
strength  of  concrete  that  a  ceap lately  alaatlc 
behavior  any  be  expected. 

lurfece  strain  gage  data  show*  that  pulses 
propagated  through  a  bonded  (root  steal  cap  are 
shorter  la  wav*  length  than  pulses  generate 
froa  Impact*  oa  uncapped  bars.  This  result  Is 
in  agrssasnt  with  fracture*  observed  In  ths  dy¬ 
naalc  Impact  velocity  threshold  test  series 
with  a  shorter  pulse  producing  a  tensile  frac¬ 
ture  nearer  the  distal  end  of  the  bar. 

lasts  have  been  conducted  In  order  to 
determine  th*  effects  of  Increasing  la-act  velo¬ 
city  upon  sibsaquant  strain  amplitude,  figure 
19  presents  the  effects  oa  a  capped  1.30  Inch 
disaster  bar  for  a  1  loch  cylindrical  pro¬ 
jectile  with  healspharlcal  nose  while  figure  20 
preaents  th*  affect*  on  aa  uncapped  1.30  Inch 
dlesietrr  bar  for  a  spherical  projectile,  loth 
sets  of  data  Indicate  good  reproducibility  with 
approximately  •  linear  relationship  between 
strain  amplitude  and  projectile  lapect  velocity. 

Comparison  of  puls*  data  oa  slallar  bars 
having  different  gags  lengths  (0.13  vs  0.30 
Inches)  showed  llttl*  observable  differences. 
Cross  comparisons  between  bars  Instrumented 
with  gagss  of  varying  length  can  thus  be  used 
with  confidence. 

Insults  froa  the  aaplltud*  attenuation 
studies  for  which  multiple  reflection*  wars 
observed  indicate  that  a  decay  In  aaplltud* 
occurs  with  progression  down  th*  bar  while 
aaplltud*  growth  1s  observed  with  progression 
of  th*  rsflsctsd  tensile  puls*  toward  th*  la¬ 
pse  t  end.  Th*  differences  ar*  saall  and  arc 
possibly  within  the  error  of  the  experimental 
apparatus,  however,  this  observation  Is  noticed 
on  repeated  tests  of  th*  seam  bar  and  also  froa 
tests  on  different  bars.  Data  presented  In 
references  [8,9]  has  also  shown  this  ssusa  pheno¬ 
menon  for  dvnaalc  Impact  test*  of  igneous  rock 
speclaans  and  hypothesised  that  this  effect  Is 
due  to  ths  release  of  stored  energy  In  th* 
grains  at  th*  tsnslls  wav*  pastes. 
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CONCLUSIONS 


1 


2. 

3. 


4. 


3. 


4. 


Concrete  behaves  as  an  elastic  solid  for 
stress  levels  near  the  tensile  failure 
strength  of  the  material  for  Initial  wave 

passage. 

Tensile  nave  speed  in  concrete  is  approxi¬ 
mately  1.2-1. 5  tines  faster  than  the  com- 
presalve  uave  speed. 

The  conpressive  uave  speed  decreases  uith 
propagation  down  the  bar  uhlle  the  tensile 
uave  sped  Increases  uith  propagation 
touarda  the  loaded  end  after  reflection. 

djmaalc  Toung's  aodulus  is  slallar  to 
.  .  static  aodulus  for  stress  levels  near 
the  tensile  failure  strength  of  the  con¬ 
crete,  and  the  dynamic  ultimate  strength  is 
1.3  to  1.3  tires  the  static  ultlaata 
strength  for  stress  levels  near  the  tensile 
failure  of  the  concrete. 

Aggregate  else  does  not  significantly 
affect  dynamic  properties  when  the  aggrega¬ 
te  varies  In  grain  disaster  froa  .Sea  to 

Dynaalc  tensile  fracture  stresses  are  a 
function  of  the  projectile  aoasntua  and  not 
a  function  of  Impact  velocity  only. 
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DISCUSSION 

Voice:  ...  on  dynaalc  tests  of  concrete. 

I  recommend  to  you  the  suaaary  technical  report 
of  Division  2  of  the  MDRC  1946-47  uhleh  has 
s  lot  of  data.  It  will  be  at  1600  feet/sec 
not  1600  in/ second  and  up.  A’ so.  If  you  look 
la  the  engineering  Index  from  about  1940  to 
1944  you  wl’l  find  a  lot  of  data  on  the  stress 
naves  produced  by  lapeet  on  concrete  bars,  la 
this  case  about  6  la.  square  and  20  faat 
long  with  real  ltfe-slse  aggregate. 

Mr.  Grlner:  Were  these  Instrumented  tests? 

Voice:  Tea  they  were’. 

Voice:  I  was  In  the  Laboratory  in  Raleigh 
School  of  Mines  In  1940  and  right  next  to  my 
testing  machines  was  the  tast  apparatus  for 
doing  this  very  thing.  I'm  sure  It  was 
written  up  and  reported. 

Mr.  Crlnar:  One  thing  I  might  point  out  to  you 
Is  that  for  these  low  stress  levels  l.e.  100  to 
700  psl,  the  dynaalc  aodulll  did  not  change  that 
such  but  if  we  went  to  5000  psl  then  It  may  go 
up  to  as  much  as  1.5  and  1  think  that  Is  what 
has  been  reported.  The  ultimata  strengths 
were  slightly  higher,  even  at  the  low  stress 
levels.  Now  one  thing  that  I  think  needs  more 
work  In  this  particular  area  and  that  Is 
finding  the  critical  stress  level  at  which 
fracture  occurred.  Now  my  strain  gages  ware 
at  a  certain  position  that  I  could  measure  the 
pulse  but  of  course  the  fracture  didn’t  occur 
right  at  the  strain  gage  so  I  reslly  couldn't 
tall  axactly  what  the  stress  was  when  it 
fractured.  I  think  that  would  be  one  of  the 
most  Important  parameters. 

Mr.  O' Hearns:  (Martin  Marietta)  I  noticed  in 
statically  loading  the  cylindrical  bars  It 
looked  as  though  the  loading  area  was  smaller 
than  the  cross-sectional  area  of  the  bar  and 
1  was  wondering  why  the  failure  didn’t  occur 
In  the  neighborhood  of  the  loading  head? 

Mr.  Grlner:  Near  the  pulling  end? 

Mr.  0'Heame:  Right) 

Mr.  Grlner:  What  we  did  Is  we  fabricated  these 
particular  srrclmsns  In  molds  that  were  3/4 
Inches  In  diameter  and  they  were  split  down  the 
middle  on  both  sides  and  taped  together  such 
that  we  had  no  water  leakage.  There  were  some 
Surface  Irregularities  Inside  that  and  as  a 
result  it  wasn't  a  completely  uniform  .75  Inches 
but  those  pulling  ends  were  exactly  .75  inches. 
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la  fact  Cha  cylindrical  apeclaan  vat  (lightly 
larger  than  tha  pulling  and.  And  Ilka  I  aay 
the  epoxy  and  ao  forth  vaa  ao  atrong  that  It 
did  fall  near  tha  cantor  near  tha  anda  but  In 
aoat  caaea  If  we  want  to  a  larger  dlaaeter 
apaclaan  or  a  higher  atrangth  apeclaan  It 
fracturaa  right  on  that  apoxy  joint  but  It  vaa 
within  tha  concrete. 
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PREDICTING  PLATE  RESPONSE  TO  BUST  LOADING* 
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The  use  of  the  iio-daaa|e  curse  as  a  predictive  tool  for  designers 
is  explored  in  the  context  of  plastic  deformation.  Analytical  and  ex¬ 
perimental  results  available  in  the  literature  are  used  to  deenottrate 
the  feasibility  of  stressing  variations  due  to  geonatry  and  boiawlary 
conditions  by  selecting  suitable  non-dinanslonal  variables. 


INTRODUCTION 

The  response  of  stri  ctures  to  various  types 
of  dynanic  loafing,  including  that  due  to  blast 
effects,  is  frequently  characterized  by  plotting 
curves  of  constant  response  using  the  peak  value 
of  load  and  delivered  iapulse  as  coordinates. 

If  the  coordinates  are  suitably  scaled  by  dlmen- 
Sion  el  analysis  or  other  techniques,  a  single 
such  curve,  called  an  iso-response  or  iso-i'aaage 
curve,  can  be  used  to  predict  the  behavior  of 
all  siniler  structures,  providing  the  geonatry 
of  the  structure,  any  bootdary  conditions  and 
the  pulse  shape  of  the  load  renain  the  sane. 

The  objective  of  this  study  was  to  examine  the 
feasibility  of  constructing  an  iso-damage  curve 
which  is  valid  for  differing  structural  config¬ 
urations,  that  is,  to  lift  the  restrictions  to 
similar  geometry  end  boundary  conditions. 

A  brief  introduction  to  the  concept  of  iso- 
danage  curves  will  be  followed  by  a  review  of 
selected  literature  dealing  with  the  plastic 
deformation  of  plates  which  are  si£jected  to  dy- 
naadc  loading.  Next,  a  set  of  staple  iso-damage 
curves  are  developed,  based  on  analytical  solu¬ 
tions  available  in  the  literature.  Finally,  ex 
periaental  results  for  impulsively  loaded  plates 
are  used  to  test  the  validity  of  the  proposed 
technique. 

ISO- DAMAGE  CURVES 

The  concept  of  iso-damage  was  originated  at 
Ballistic  Research  Laboratories,  Aberdeen  Prov¬ 
ing  Groiaid.  The  Uatdamental  idea  is  that  some 
specified  level  of  damage  to  a  target  may  be  re¬ 
lated  to  certain  quantitative  characteristics  of 
the  loading  iaposed  on  it.  Then,  if  the  locus 
of  points  representing  the  specified  level  of 
damage  is  plotted  using  the  load  characteristics 
as  coordinates,  the  resulting  curve  represents 
the  boaida-y  between  region*  where  damage  either 


exceeds  or  is  less  than  the  level  aider  consid¬ 
eration.  Just  as  as  iso-bar  is  a  line  on  a  asp 
connecting  points  having  equal  barometric  pres¬ 
sure,  so  an  iso-dosage  curve  is  a  line  connect¬ 
ing  points  on  s  graph  representing  equal  levels 
of  dosage.  Such  a  plot  nay  be  used  by  a  weapon 
desipmr  to  establish  parameters  required  to 
achieve  a  desired  level  of  damage  to  his  tar¬ 
get.  Obviously,  this  data  is  equally  valuable 
in  assessing  the  vulnerability  of  one’s  own 
equipment  aid  structures  to  a  postulated  threat. 
Iso-daawge  theory  and  the  use  and  construction 
of  iso-damage  plots  for  structures  under  blast 
loading  were  described  rather  coapletely  by 
Creenspor  [l]. 

The  definition  of  damage  levels  will  vary 
with  the  problem  at  hand  and  nay  be  either  qual¬ 
itative  or  quantitative.  For  exa^le,  collapse 
of  structures,  nature  of  pressure  vessels,  or 
loss  of  nobility  of  vehicles  are  possible  quali¬ 
tative  measures;  while  the  occurrence  of  criti¬ 
cal  stresses  or  specified  pemmient  deformation 
are  quantitative  in  nature. 

When  considering  blast  loading  as  the  damage 
mechanise,  a  convenient  choice  of  coordinates 
'or  the  iso-damage  plot  would  be  the  peak  pres¬ 
sure  mid  total  iapulse  per  unit  area  delivered 
to  the  target.  Other  damage  mechanisms  would 
lead  to  different  choices  of  coordinates. 
Komhauser  [2]  has  presented  a  collection  of 
iso-response  curves  for  various  iapact  phenomena 
which  illustrates  to  sons  extent  the  variety  of 


*A  portion  of  the  material  reported  here  was 
taken  from  a  thesis  submitted  by  the  second 
author  to  the  Air  Force  Institute  of  Technology 
in  isrtial  fulfil  leant  of  the  requirements  for 
the  KS  degree. 
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coordinates  which  may  be  used. 

To  make  the  iso-daaage  concept  sore  con¬ 
crete,  Figure  1  represents  a  typical  iso-deaage 
curve.  The  curve  nay  be  divided  arbitrarily 
into  three  regions  following  the  discussion  of 
Lindberg  [jj.  The  three  regions  aay  be  classi¬ 
fied  as  the  i^ulsive  loading  teala,  region  I, 
the  dynaaic  loading  reala,  region  II,  aid  the 
quasi-static  loading  Teala,  region  III.  In 
region  I  where  the  curve  approaches  the  verti¬ 
cal  asymptote ,  peak  pressure  becoaes  tni^wr- 
taat  aid  the  daaage  level  depends  aainly  on  la- 
pulse.  The  iqnilsive  leading  is  of  short  dur¬ 
ation  with  respect  to  the  response  tine  of  the 
aystea  aider  consideration  aid  as  the  duration 
approaches  taro,  the  iapulse  approaches  a  Halt 
This  Halt  leads  to  the  value  of  the  i^nilslve 
aoyapeote  depicted  in  Figure  1.  This  vertical 


ssysptote  indicates  a  daiaa  iapulse  for  which 
a  given  daaage  level  will  eccur.  For  aiy  im¬ 
pulse  less  than  this  alal—  the  daaage  will  be 
less  thai  the  specified  danape  level  regardless 
of  the  pressure  Militate.  htgion  II  is  a 
region  of  dynaaic  loading  fore  the  daaage  level 
to  the  systen  is  sensitive  to  chaiges  in  both 
pressure  and  inpulse.  la  addition,  the  tiae 
history  or  "pulse  shape"  of  the  loading  is  im¬ 
port  ait  in  this  region,  fegion  Ill  is  the 
quasi-static  loading  teala  foe  re  the  curve  ap¬ 
proaches  the  horizon  tel  aiqitote .  The  iapulse 
becoaes  folapnrtant  md  tin  daaage  depends  aain¬ 
ly  an  the  peek  pressure.  The  horizontal  as yap- 
tote  Indicates  a  ala  lea  peessuze  for  which  a 
given  daaage  level  will  accar.  For  aay  pressure 
below  this  adaiafo  the  daags  will  bo  loss  thw 
the  specified  daaage  loved,  regardless  of  the 
level  of  ifoelee. 


IMPULSE  /  UNIT  AREA 

Figure  1  Typical  Iso-taaage  Curve 
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DYNAMIC  PLASTIC  DEFORMATION  OF  PLATES 

Military  equipment  and  structures  nay  be 
subjected  to  attack  by  a  variety  of  weapons  on* 
ploying  various  danaga  producing  phenoaena  in¬ 
cluding  fire,  impact  by  projectiles,  radiation 
and  high  pressure,  short  duration  loads  fron 
blast  waves.  Because  of  the  iaportance  of  the 
last  of  these  and  its  relative  susceptibility 
to  theoretical  Biolysis ,  there  has  been  consid¬ 
erable  interest  in  the  failure  nodes  of  siapla 
structures  such  as  beans,  plates  aid  shells 
under  blast  loading.  Since  many  portions  of 
structures  of  interest  nay  be  nodeled  as  plates, 
for  exaaple,  the  wing  panels  of  aircraft,  araor 
and  various  portions  of  buildings,  the  present 
study  la  United  to  considering  plate  elenants. 

in  the  early  ItSOs  stadias  were  being  nade 
of  the  petnanent  defamation  of  plates.  Hopkins 
and  Preger  investigated  the  load  carrying  capac¬ 
ities  of  circular  plates.  In  a  paper  presented 
in  19S3  [4]  they  discussed  the  quasi-static 
yielding  of  a  plate  subjected  to  a  transverse 
load  inder  conditions  of  circular  syanetry.  The 
plate  naterial  was  assuand  to  be  non-hardenir.g 
rigid-plastic  and  to  obey  the  yield  condition 
aid  essociated  flow  rule  of  Tresca.  The  basic 
assunptions  nade  by  these  authors  were  siadlar 
to  thoee  of  the  conventional  engineering  theory 
ef  thin  elastic  plates  [s].  For  exaaple,  the 
shearing  stress  was  regarded  as  snail  when  con- 
pared  to  bending  stresses,  end  the  effect  of 
transverse  shear  strain  rate  was  neglscted.  A 
notable  feature  of  this  paper  was  that,  within 
the  frananork  of  the  increuental  theory  of 
plasticity,  exact  solutions  were  obtained  for 
problem  Involving  either  uniformly  distributed 
or  concentrated  loads. 

The  extension  of  the  fundamental  analysis 
fron  quasi-static  problem  to  dynamic  problem 
was  first  nade  by  Hopkins  and  Pnger  aid  pre¬ 
sented  in  the  Journal  of  Applied  Matheaatics 
and  Physics  in  1954  [6],  As  in  their  previous 
paper  about  the  load  carrying  capacities  of  thin 
circular  plates,  the  authors  assum  a  rigid- 
plastic  naterial  that  obeys  Tresca’s  yield  con¬ 
dition  and  the  associated  flow  rule.  In  this 
paper  the  asm  type  of  analysis  is  applied  to 
discuss  the  dynamic  behavior  of  a  siaply  sup¬ 
ported  circular  plate.  The  deflection  equation 
was  obtained  for  the  si^ly  stqiported  plate  sub¬ 
jected  to  a  ixiifomly  distributed  load  which  is 
brought  on  suddenly  and,  after  being  held  con- 
stant  for  a  certain  length  of  tluo,  is  renoved 
suddenly. 

The  deflection  equations  of  plates  voider 
iapulsive  loading  with  siaply  supported  or  built- 
in  edge  conditions  have  been  given  by  Nang  [7] 
and  Nang  and  Hopkins  [8],  respectively.  Nang 
adapted  the  analysis  of  Hopkins  and  Prager  to 
discuss  the  problea  of  the  plastic  defamation 
of  a  siaply  supported  circular  plate  wider  an 
iapulsive  load.  The  iapulsive  load  was  supposed 
to  be  such  that  at  soaa  instant  of  tins  a  wii- 
fom  velocity  is  iaparted  to  the  entire  plate , 


except  at  the  circumference  where  the  velocity 
is  zero.  Subsequently,  the  plate  is  subject 
only  to  edge  fbrees  which  affect  siaple  support 
conditions.  The  paper  by  Nang  and  Hopkins 
addresses  the  problea  of  plastic  deforest ion  of 
a  built-in  circular  plate  wider  an  iapulsive 
load.  This  problea  only  differs  aathenatically 
fron  the  fomilation  of  the  siqily  supported 
cese  with  respect  to  the  edge  conditions  of 
siqiport. 

In  mny  of  the  studies  of  the  permanent 
deforest  ion  of  plates  attention  is  confined  el- 
noat  exclusively  to  the  case  of  circular  synm- 
try.  Hopkins  [9]  extends  the  theory  to  a  acre 
general  concept.  He  develops  e  specialisation 
of  the  general  theory  of  street  and  strain  rate 
fields  for  non -hardening  rigid-plastic  materials. 
The  physical  lam  and  assu^itions  invoked  in 
the  analysis  ere  those  of  notion,  of  plastic 
flow  without  fracture  at  the  yield  Halt  end 
rigidity  below  the  yield  Unit,  aid  of  conser¬ 
vation  of  aasa.  The  basic  assumptions  of  plas¬ 
tic  theory  for  thin  plates  are  siailar  to  those 
nade  in  elastic  theory,  but  the  effects  of 
transverse  shear  strain  aid  rotatory  inertia 
ere  neglected.  The  field  equations  involve 
the  stress  aoonti  and  the  aiddle -surface  cur¬ 
vature  rates  as  the  generalized  stress  and 
strain  rates.  A  detailed  study  is  nade  of  dis¬ 
continuities  in  the  field  quantities  since  a 
single  plastic  regies  cannot  be  expected  to 
provide  the  applets  solution  of  e  given  prob¬ 
lem.  This  study  is  fundsaental  In  the  classi¬ 
fication  of  the  field  equations  for  the  various 
plastic  regime. 

For  reasons  of  mthemtical  simplicity, 
far  a  homogeneous  isotropic  plate  it  is  custoa- 
ary  to  use  the  Tresca  yield  condition.  Mansfield 
[10]  points  out  that  exact  solutions  fbr  plates 
satisfying  this  yield  condition  ere  confined 
mainly  to  the  case  of  circular  symmetry.  How¬ 
ever,  for  continuous  reinforced  concrete  plates 
the  Johoisen  yield  criterion  is  applicable.  In 
the  Johoisen  (or  square)  yield  criterion,  yield¬ 
ing  occurs  when  the  numerically  greater  of  the 
principal  bending  eonents  attains  the  absolute 
value  of  the  fully-plastic  bending  mint. 
Mansfield  considers  the  collapse  mechanisms  of 
e  rigid-plastic  plate  which  obeys  this  yield 
condition.  He  obtains  upper  bouid  solutions  for 
e  uniformly  loaded  plate  of  regular  polygonal 
plan  aid  indicates  that  the  plastic  hinge  lines 
radiate  regularly  fron  the  geometric  center  of 
the  plate. 

A  study  of  the  dynamic  plastic  defamations 
of  Sicily  supported  square  plates  is  nade  by 
Cox  aid  Mori  aid  [11].  Their  analysis  is  given 
within  the  framwork  of  thin  plate  theory.  All 
effects  due  to  elastic  strain,  work -hardening, 
and  strain  rate  are  neglected.  To  si^ilify  the 
aialysis,  the  Johoisen  yield  criterion  is 
adopted  as  an  approximation  of  Tresca 's  condi¬ 
tion.  According  to  the  authors,  this  qiproxi- 
mtion  is  likely  to  involve  oi  error  of  about 
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ten  percent  la  the  uilaa  displacement  nd 
tine  of  notion.  They  show  that  rosults  obtained 
ter  tho  maximum  cootral  displacaasnt  aid  total 
tiaa  of  action  for  a  square  plats  nay  b«  gener- 
alitsd  to  solve  the  problea  for  a  regular, 
a-slded  polygonal  plate,  with  n  greater  than  4... 
Cox  sod  Norland  as  suae  that  the  velocity  field' 
has  the  teatures  of  that  described  by  Mansfield 
[10J.  In  other  words,  they  assuae  that  plastic 
deformation  only  occurs  along  the  square  plate 
diagonals  where  hinge  lines  ten,  the  test  of 
the  plate  renains  rigid,  this  is  significait 
deviation  froa  the  analysis  presented  by  au¬ 
thors  each  ns  Hang,  Hopkins,  aid  Prefer.  These 
authors  assiaad  that  the  plastic  deformation  is 
such  that  the  plats  aiddle  stir  luce  is  divided 
lata  a  rigid  central  circular  region  together 
with  surromdiag  alternate  aaaulsr  regions  of 
rigid  er  plasticly  deforming  notarial.  The  mas¬ 
her  and  petition  of  these  regions  varies  with 
tine. 

Florence  [12]  treats  the  problea  of  elected 
circular  rigid-plastic  platos  isidar  blast  load¬ 
ing  in  a  siadlar  earner  to  that  used  in  [4],  [6], 
[7J,  a»d  [•].  Thors  are  two  additional  contri¬ 
butions  node  by  Florence.  First,  he  elaborates 
on  the  fact  that  there  are  two  nachanlsat  of 
dafcnation.  If  a  blast  load  la  idealized  as  an 
instantaneous  rise  to  soaa  peak  pressure  fol¬ 
lowed  by  a  continuous  nono tonic  decay,  then 
sadMnisu  1  corresponds  to  peak  pr.asurei  in  ex- 
cesa  of  the  static  collapse  pressure,  but  less 
tha  twice  the  static  collapse  pressure.  Moch- 
alsn  2  corresponds  to  peak  pressures  greater 
than  twice  the  static  collapse  pressure.  If  the 
deforneticn  occurs  by  um  of  uechanisn  1,  the 
circular  plate  will  be  transformed  slowly  into  a 
cone  with  the  vertex  at  the  plate  center.  In 
nechalsu  2,  a  central  region  of  the  plate  ac¬ 
quires  a  ixii form  velocity.  This  central  region 
Is  circular,  with  a  radius  which  Is  a  Auction 
of  tho  magnitude  of  the  peak  pressure,  the  dura¬ 
tion  of  tho  loading,  and  the  tine  elapsed  subse¬ 
quent  to  the  loading.  The  radius  of  this  region 
finally  decreases  to  zero,  after  which  tins  the 
deformation  con  times  as  in  mechanism  1.  Second¬ 
ly,  and  of  uajor  import  mica,  lie  shows  the  depen¬ 
dence  of  the  peraunent  central  deflection  on 
pressure  and  lapulse  when  the  blast  loading  Is 
taken  as  e  rectangular  pulse. 

ISO-DAMAGE  CURVES  FOR  PLATES 

In  this  section  i.io- damage  curves  will  bo 
developed  ter  a  circular  plate  with  siaply 
aupported  edgea,  a  circular  plat#  with  doped 
edgei  and  a  si^ly  aupported  square  plate.  The 
develop  sent  la  baaod  on  analytical  results  given 
by  Hopkins  md  Prager  [6],  Florence  [12],  aid 
Cox  and  Ho r laid  [11].  Thoao  solutions  were 
chosen  for  coapa risen  because  all  three  employed 
ainilar  plate  behavior  theory  aid  tho  imo  type 
of  loading.  Consequently,  the  only  significait 
differences  between  the  cases  considered  were  in 
planter*  and  bemdary  conditions. 

In  each  of  the  three  cases,  the  usual  thin 
pl*e  assist!  ana  were  adopted  according  to 


which  tho  heading  stresses  and  in-plane  shear¬ 
ing  stresses  far  exceed  the  transverse  sheering 
stresses.  Although  the  shear  force  resulting 
froa  tho  shetriag  stresses  aorael  to  tho  plat# 
surface  was  takaa  late  account  in  the  equation 
of  dynaaic  equilibria,  these  stresses  wen 
neglected  in  the  yield  eeaditlon.  The  effects 
of  rotatory  Inertia  were  also  neglected.  The 
plate  aaterial  wet  aMtaaed  to  be  non-hardening, 
rigid-plastic  and  to  ahoy  either  the  Tresca  or, 
ter  tho  square  plate,  Johwten  yield  condition 
and  assodatod  flew  rule.  The  use  of  different 
yield  conditions  tees  net  cause  my  difficulty 
here;  shea  principal  handing  naannts  have  the 
tana  si  pi,  the  two  criteria  arm  indistinguish¬ 
able.  Per  each  plate  configuration,  the  loading 
waa  a  latiteraly  distributed  transverse  pressure 
with  a  recta gular  tine  history. 

The  cell^se  behavior  of  plates  generally 
diften  slpslflcantly  frwn  that  of  frane  struc¬ 
tures  Md  bean.  Shea  determining  the  collapse 
loads  of  fraMt,  the  elaMnts  of  tho  frame  nay 
be  assiaad  to  be  rigid-plastic,  aid  have  e  cal¬ 
culable  fully  plastic  naoMt.  When  const  daring 
tha  corresponding  behavior  of  rigid-plastic 
plates  additional  cMplications  arise  because  of 
the  presence  of  two  principal  bending  noaants . 
haters  the  total  collapse  of  a  plats  occurs, 
tho  load  is  resisted  by  the  middle  surface 
forces.  For  a  rigid-plastic  plate  the  total 
eollapsa  will  only  occur  whan  the  plate  la  act¬ 
ing  as  a  plastic  neabraae.  It  la  assumed,  how¬ 
ever,  that  the  plate  is  mot  so  thin  that  tho 
lead  would  bo  restated  purely  by  middle  surface 
forces.  Thera  fora,  a  partial  collapse  necha- 
nism  must  be  considered. 

Partial  collapse  nachMisus  arm  character¬ 
ized  by  the  formation  of  plastic  hinge  lines. 

In  the  case  of  circular  rlgid-pl  ,stic  plates 
inder  uniform  transverse  leading  several  authors 
have  characterized  the  partial  collapse  aecha- 
nisu  by  the  formation  of  circular  hinge  lines. 
Several  such  hinge  lines  aay  form  as  concentric 
circles  centered  at  the  geometric  center  of  the 
plate. 

A  study  of  the  collapse  nechanisns  of 
rigid-plastic  plates  Is  ^ven  by  Mansfield  [lO]. 
A  variety  of  shapes,  boutdary  conditions,  nd 
loadings  an  investigated  including  the  case  of 
a  square  plat*  taidtr  a  niter*  transverse  load. 
The  dynamic  loading  situation  la  not  considared, 
but  tha  static  collapse  pressure  is  determined. 
The  collapse  each anise  tor  a  square  plate  is 
theorized  to  Involve  the  formation  of  plastic 
hinge  lines  along  the  plate  diagonals.  This 
collapse  pattern  Is  used  ia  the  developnent  of 
tho  do  flection  equations  ter  tho  simply  sin- 
ported  square  piste. 

■>en  the  q^lied  pressure  is  greet  enough 
to  produce  the  partial  collapse  mechanise,  the 
plate  vill  begin  to  deter*.  Upon  relecao  of 
tho  load,  the  plate  vill  continue  to  dofor*  un¬ 
til  all  of  its  kinotic  energy  is  absorbed  by 
plestic  work,  he  cause  elastic  affocts  have  been 


neglected,  th*  deformation  at  this  tin  i*  taken 
to  ba  the  penanent  plastic  detonation.  For 
simplicity,  the  maximal  trmsvers*  displaceaent 
of  the  plate  (which  occurs  at  tlie  plate  center) 
was  chosen  as  the  quantitative  aoasure  of  damage 
received. 

After  the  expnssion  for  the  final  central 
deflection  of  a  plate  is  obtained,  nen-dimnsim- 
al  pressure  and  i^mlse  characteristic  equations 
may  be  deternined.  It  is  free  these  equations 
that  the  iso-daata ge  curves  an  constructed. 

Considering  the  preceding  discussion,  it  is 
necessary  to  consider  the  static  collapse  load 
for  each  configuration .  For  the  simly  supported 
eircular  plate,  Hopkins  and  Frager  [4]  give 
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when 

is  the  fully  plastic  bending  aomnt  per  mit 
length,  and 

is  the  static  collapse  pressure 
R  is  the  radius  of  the  plate 
0^  is  the  yield  per  unit  ana 
2h  is  the  plate  thickness 
For  the  defied  circular  plate  [12] , 

f,  ■  “•  (2) 

T 

when 

rs  ■  0.73R 
For  the  squan  plate  [11], 

P,  -  w 

L2 

when  L  is  the  half  side  length  of  the  squan. 


on  the  load  ngiae,  and  each  is o -damage  carve 
will  consist  of  two  portions  which  met  at 
P  •  2P$. 


Expressions  for  the  daflrction  of  the  sim- 
ply  supported  circular  plate  and  the  squan 
plate  an  given  in  [b]  and  Cl lJ  respectively. 
Although  the  torn  of  the  deflection  f tnct ion  ob¬ 
viously  oust  differ  for  the  two  cases,  the  ex¬ 
pressions  for  the  central  deflection  an  identi¬ 
cal  when  written  in  term  of  the  static  collapse 
pnssun  rather  than  using  yield  stnss  or  yield 
noaant  ns  the  strength  parameter.  Thus,  for 
both  plates,  the  final  cantral  deflections  an: 


For  P  <P«2P  , 


»f 


(«) 


Nr  P»2P#, 


(S) 


whan. 


1  •  Pt0  is  the  impulse  per  unit  ana,  and 
■  is  the  mss  per  mit  ana  of  the  plate. 


Florence  [12]  provides  the  solution  for  a 
clasped  circular  plate.  The  nsulting  expres¬ 
sions  an  quite  copies  and  requin  the  use  of 
a  high  spaed  coaputer  to  obtain  solutions. 
Florence  has  done  this  and  pnsented  the  nsults 
in  the  fern  of  a  Pressure -Iapulse  diagram.  This 
diagrm  has  been  nsealed  to  conform  with  the 
non -dimensional  coordinates  used  in  this  study 
as  will  be  described  below. 


An  observation  is  made  in  [10]  that  if  the 
boundaries  an  siaply  supported  then  the  col¬ 
lapse  pnssun  of  e  regular  polygonal  plate 
depends  only  on  the  radius  of  ths  inscribed  cir¬ 
cle  and  the  value  of  the  principal  bending 
aomnt  at  yielding.  Co^aring  Eq(l)  and  Eq(3) 
shows  that  this  nlationship  also  holds  in  the 
limiting  esse  of  the  circular  piste.  In  that 
case  it  would  be  advantageous  to  define  non- 
dimensional  pr.ssure  and  iipulse  expnssion*  so 
that  they  an  independent  of  shape.  This  is 
achieved  if  the  non-dinensionel  pnssun  is 
defined  as 

r  -  I-  (6) 

rs 


Now,  consider  that  the  applied  pnssun  is 
of  the  mpiitude,  P,  and  persists  from  tins, 
t  »  0,  to  t  »  t0,  when  the  pnssun  is  suddenly 
reduced  again  to  nro.  After  nlease  of  the 
load,  the  plate  corns  to  nst  at  t  •  tf. 


and  th*  non-dimensional  Iapulse  is  defined  as 


T  - 


TP? 


(7) 


For  P  ■  P  th*  plate  yields  indefinitely 
slowly  and  inertia  forces  do  not  arise.  For  P»P 
th*  dynamic  behavior  of  th*  plat*  is  found  to 
han  a  diffennt  character  according  to  whether 
the  load  is  "medium"  fPs«P*2Ps)  or  "high" 
(P>2PS).  Consequently,  th*  expressions  for  fkial 
displaceaent  of  tha  plate  will  differ  depending 


Now  since  Pf  is  defined  miquely  for  each  of  the 
plates  rnder  consideration  the  expressions  for 
p  aid  T  provide  a  coaaon  basis  tor  comparison. 

Substituting  Eq(4)  and  Eq(S)  into  th* 
non-dimensional  i^ulse  expression,  the  fellawing 
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the  fallowing  Is  obtained: 


equations  us  obtained. 

for  aediun  load  (1<7«2) 

T  •  /  y  (8) 

✓  7-  1 

for  high  load  (7»2) 


It  is  emphasised  that  thaaa  aquations  sra  writ* 
tan  in  tana  of  tha  individual  plats  static  col¬ 
late  prassuro  as  dafinad  by  Eq(l)  or  Eq(S) , 
wM chavs r  is  mllcfole.  Eq(>)  and  Eq(9)  dspsnd 
aaly  on  7  asd  I  and  ara  sot  explicitly  dapandant 
aa  tha  plats  slugs,  thickness,  lia,  density,  or 
aatarial.  It  is  than  fora  possibla  to  construct 
aaa  isa  daaaga  curva  for  both  tha  squars  and 
circular  siaply  supported  platas.  This  iso* 
damps  curva  it  prasantad  in  Figura  2. 

Tha  expression  usad  in  [12]  for  tha  nen- 
dlnansional  iapulse  is 


V  -  1  > 


tf  tha  damped  circular  plats  collapsa  pressure 
Eq(2) ,  la  substituted  into  tha  ahova  axprassion, 


Figure  2  I  so -dan*  ye  Curva  for  a 
Siaply  Supported  PI  eta 


I*  •  I _ «  T 

/ness  ipif  h.M 

There  fors. 


I  •  1.012  I*  (10) 

Tha  cum  prasantad  in  [12'j  say  now  ba  re  sc*  lad 
to  con  fora  with  tha  coordinates  dafinad  by 
Er(6)  and  Eq(7).  Tha  rascalsd  isa-danaga  cum 
la  plot  tad  in  Figure  J,  topether  with  that  for 
tha  tidily  supported  platas. 

For  a  givsa  valut  of  7,  escape  la  tha 
quasi-static  reala,  a  cotta  spaa  Its  g  value  of  I 
for  a  Sicily  supported  plate  Is  vary  aearly  the 
ssaa  as  tha  T  for  tha  cls^isd  plate.  In  tha 
quasi-static  taala  tha  cams  catadds. 

Sines  the  coordinates  for  paints  chosen  to 
plot  tha  lso-dausgs  curve  of  the  clasped 
circular  plate  warn  read  ftau  s  copy  of  a  simi¬ 
lar  dlagrau  in  Mother  report  [12],  it  cannot 
ba  expected  that  tha  cum  is  wry  accurate. 
However,  it  is  sipiflcMtly  dose  to  tha  curva 
for  the  sl^ly  supported  plate.  It  is  suggested 
that  Figure  2  is  m  acceptable  iso-damage  cum 
for  a  square  or  circular,  siaply  supported  or 
danpod,  thin  pi  eta  injected  to  blast  loading 
whan  that  Individual  piste's  collapsa  pressure 
is  usad  la  toe  expressions  for  ordinate  utd 
abscissa. 


1 

Figure  5  [so -damage  Curves  for  a 
C lamped  Circular  Plate 
and  a  Siaply  Supported 
Plate 
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EXPERIMENTAL  EVIDENCE 


when  C  U  sow  constant .  Using  Eq(7) ,  this 
My  be  rearranged  to  the  following  equation. 


Experimental  results  relevant  to  the  con¬ 
cepts  presented  lie  re  are  not  plentiful  in  the 
literature;  however  sow  supporting  data  are 
available  for  plates  subjected  to  loads  in  ti.e 
iapuls ive  region,  [13],  [14].  tttder  these  con¬ 
ditions,  the  plate  behavior  My  he  conveniently 
displayed  by  plotting  plate  deflection  against 
iapulse.  Suitable  non-diwnsional  fonts  of  the 
variables  My  be  selected  by  considering  the 
equation  of  the  iapulse  asynptote  to  the  iso- 
daaaae  curve. 


where  d  is  the  plate  thickness.  If  the  brack¬ 
eted  quantities  are  used  as  coordinates,  Eq(ll) 
My  be  represented  by  a  straight  line  on  a  log¬ 
arithmic  plot. 

Ejqteriwntal  results  for  airily  supported 
circular  plates  [13]  and  fully  danped  rectan¬ 
gular  plates  [14 ]  have  been  plotted  in  Figure  4. 
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Figure  4  Deflection  -  Impulse  Relation  for  Impulsive  Loading 
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The  static  collapse  pressure  for  the  circular 
plates  was  defined  by  Eq(l)  while  that  of  the 
rectangular  plates  was  determined  using  tha 
principle  of  virtual  work  and  the  collapse 
■a  chaise  suggested  in  [14].  All  the  rectan¬ 
gular  plates  had  an  aspect  ratio  of  1.69,  for 
which  the  collapse  pressure  is  given  by  Eq(12). 

t%  •  22.3  Ho  (12) 

? 

where  21  is  the  length  of  the  plate. 

figure  4  shows  very  good  agreenant  anong 
the  data  points  for  the  various  coMlnation*  of 
■atari el  and  plate  configuration.  The  as  yep  - 
totes  to  the  curvet  of  Figure  3  are  also  plotted 
in  Figeee  4.  Oh  this  plot  the  two  asyaptotes 
are  nearly  indistinguishable  free  one  Mother. 
The  experiaental ly  neasuted  deflections  are 
anal  la  r  thm  the  predicted  valuta.  Since  the 
theoretical  nods  It  involved  neglect  the  stiff¬ 
ening  effect  of  ntabrane  forces,  this  out  cone  is 
not  surprising. 

CONCLUDING  REMARKS 

These  results  suggest  that  lao-daeage 
curvet,  appropriately  scaled  on  tho  basis  of 
static  collate  pressure,  provide  s  useful  ntans 
for  characterising  the  response  of  plate  struc¬ 
tures  In  a  relatively  coapact  aid  convenient 
fore.  Nith  proper  care  end  knowledge  of  static 
collapse  pressures,  a  deal  pier  eay  be  able  to 
wee  experimental  or  theoretical  results  for  one 
configuration  to  construct  reasonable  predic¬ 
tions  of  tho  behavior  of  nany  other  proposed 
structures. 

The  construction  of  leo-densge  curves  in 
the  earner  proposed  is  baaed  on  an  Intuitive 
feeling  that  the  effects  on  plato  response  of 
goonetry  and  boseidary  conditions,  which  cone 
Into  play  in  both  static  and  dynasdc  p  rob  It  ns , 
ere  relatively  Invariant  with  changes  in  tha 
duration  of  the  loading.  On  tha  other  hand, 
effocts  dun  to  tha  inertia  characteristics 
account  for  tha  najor  portion  of  tha  variation 
in  response  at  tha  duration  is  -Its rod.  Just 
as  conventional  scaling  as  enployed  ln[l2]stp- 
presses  variations  dun  to  sirs,  density  nud 
choice  of  anttrlal,  it  Is  hoped  that  tha  s chans 
adopted  here  would  suppress  those  due  to  goons  - 
try  and  botaidary  conditions.  It  Is  hoped  that 
eaperlaantal  Investigators  in  this  fisld  will 
be  encouraged  to  try  the  suggested  construction 
using  data  available  to  then  aid  thus  deaon- 
strate  whether  or  not  this  approach  it  also  vs*., 
id  for  dynanic  and  quasl-statlc  loading 
caaditiona. 
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